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ABSTRACT 
The gean.etric construction parameters winding angle, radial pitch 
and axial pitch were found to significantly influence the shell side heat 
transfer of Spiral Woµnd Heat Exchangers. 
Shell side heat transfer coefficients have been calculated from 
experimental measurE111ents of overall coefficients and use of the Dittus-
Boelter equation to describe tube side heat transfer coefficients. The 
calculated results for each of six heat exchangers have been correlated 
by the relation: 
. A B 
Nu=C(Re) (Pr) 
where A and B have be_en found to be linearly independent of construction 
geometry and are given as the mean value of the six exchangers tested: 
A=0.80 
B=0.99 
The constant C is a function of the winding parameters and is given by 
the relation: 
ln(C)= -3.6358 + o.L9336( ii)+ o.46878('RJS) 
+ 0.18361 (lP) 
where vJ'I, ms and XJf are dimensionless values of the geometric construction 
parameters defined by: 
'wI= (WA- 11.5)/L.5 
RJf= (RP- 1.16)/0.13 
IP= (AP- 1.16)/0.13 
WA- winding angle 
RP- radial pitch 
AP- axial pitch 
The shell side Reynolds Number has been defined by the fonnula: 
- Tube O.D. 
- Mass flow rate 
- Free now area 





The overall coefficients are considered to be accurate to at least 
5% in the range of experimental measurements (Table 1). 











Sufficient evidence is available to doubt the realiability of using 
the Dittus-Boelter coITelation to represent tube side heat transfer 
coefficients. 
Shell side friction factor measurements are given for each 
exchanger. 
INTK>OOCTION 
The production of.refrigeration is extremely difficult and costly 
in the operation of cryogenic processes and therefore the conservation 
of refrigeration is essential (1,2). A vital component of camnercial 
cryogenic systems for conserving refrigeration is the countercurrent 
heat exchanger; the prime requisites of which are low pressure drop 
and small overall dimensions per unit of heat transfer area. The 
reason for the latter requirement is to minimize the heat leak to the 
exchaDger. These qualities permit the Spiral Wound Heat Exchanger to 
be readily adopted for use in large scale cryogenic processes. 
The Spiral Wound Heat Exchanger is a compact shell and tube design 
consisting of successive layer of coiled tubes. Figure 1 shows the first 
layer of a typical exchanger. Success! ve layers, for which the coils 
are wound in reverse direction from the previous layer (Figure 2), are 
separated by spacer wires which run parallel to the axis of the mandrel 
core. An example of an exchanger for which the winding has been 
completed is shown in Figure J. The pigtails are later soldered into 
sa11e type of collecting manifold. 
The basic construction of the type of heat exchangers used for 
this experillental work along with the appropriate nomenclature is 
illustrated in Figure 4. Specific dimensions of the experimental heat 
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Ccmaercial heat exchangers usually utilize buttonhook headers 
(Figure .5) in place of the type of manifold shown in Figure 4. One 
advantage of buttonhook headers is that several of than can be used in 
an exchanger allowing many different streams to be processed (Figure 6). 
The unifold shown in Figure 4 was chosen for the experimental exchangers 
because the finished bundle diameters were so small that a buttonhook 
header would be impractical to manufacture. 
Heat transfer and friction factor relations, derived from studies 
of now nomal to banks of straight tubes, have fomerly been used as 
the design equations for Spiral Wound Heat Exchangers (1,2). Response 
of field exchangers and an elementary qualitative analysis of the possible 
now patterns indicate this equality is only very approximate and that 
substantial deviations both favorable and unfavorable can occur. The 
purpose of this experimental. program was to study shell side heat 
transfer coefficients of Spiral Wound Heat kchangers as a function of 
the geometric construction parameters. The experimental progrmn was 
designed to measure overall heat transfer coefficients for a nllllber of 
uniquely chosen winding configurations and to. correlate shell side heat 
transfer coefficients in tems of standard dimensionless variables 
(Nussel t N111lber, Reynolds Number and Prandtl Number) for each ex.changer. 
Geometrical. construction parameters which can be fixed in the design 
of Spiral Wowid Heat Exchangers are (refer to Figure 4 for illustration): 
1. Winding angle. 
2. Radial pitch - defined as the quotient of the awn of the radial 






! l l l t 







MULTI FLUID HEAT .EXCHANGER 





separation nlus ths outside tn be diamE:ter divided by the 
tube dial"le:tu. 
3. Axial pi_tch - definf:d ::i.s the quotient of the sur.i of the axia.l 
separation plus the outsidP tube diametE-r divided b? the 
t-J be diameter. 
1-i. Bundle length. 
5. Number of ln_yers. 
60 Number of spacE.r wires. 
7. Tube diameter. 
8. 1'·:andrel diaP1.etr::r. 
9. Tube surf ace - (finned, rouE;h, s!'looth). 
A constructio:1 parameter which pa~ not bePn m"'ntioned in the list is 
'-·· 
the excessive bending which occurs at the intersection of the wound tubin£ 
and the spacer wires (~igure 22). The reason for not including this para-
meter with the others is that this particular parameter cannot be fixed 
or determined quantitatively prior to manufact.uring. 
Since the number of heat exchangers rE·quired to adequately study :-ill 
construction paraI'leters is exceedingly large, three parameters were chosen 
which were thought to have the most influence on the shell side heat 
transfer coefficient. These Darameters are: 
1. Vindine: an~le. 
2. Hadia.l pitch. 
3. Axial pitch. 
Another reason for choosing these particular parametErs was because tney 
p;:i_rallel the variables, which werf, found to be important, in studies of flow 
normal to banks of strai~ht tubes. 
EXPERIMENTAL PBOGRAM 
The experimental program was designed to study the effects of 
winding angl~., radial pitch and axial pitch on shell side heat transfer 
coefficients of Spiral Wound Heat Exchangers. 
The fabrication of Spiral Wound Heat Exchangers is a complex 
process; and once an exchanger is constructed with fixed values of 
winding parameters it is unalterable. Tltls rigidity of design requires 
a new exchanger for each new value of any winding parameter to be 
studied. The cost of studying many variables or many values of one 
variable soon becomes prohibitive. The fact that a minimum number of 
exchangers is desired to reasonably deal with,a fixed number of variables 
is obvious. Statistical methods have been developed (3,4) which yield 
a maximum of infonnation with a minimum of experimentation. 
The particular statistical 1118thod chosen for this work was a 
N 
"two level factorial analysis" which is denoted by the symbol 2 
where flN" is the llUlllber of variables under consideration. A "two 
level factorial analysis 11 requires each of the variables under examination 
to be studied at two values (denoted by the +l value or high level and 
the -1 value or low level) with all possible combinations of the remain-
ing variables.. i'be study of three variables requires eight combinations. 
Each set or combination of the three variables is known as a treatment 
and is one experimental point for the analysis. The levels of the 
three variables (Ii, 12 and 13) for the required eight treatments are 





TREA'I'm'TS OF A 23 FACTORIAL ANALYSIS 
LEVELS OF VARIABLE 
TBEA.TMmT 
!1. ~ !3 
1 -1 -1 -1 
2 +l -1 -1 
3 -1 +l -1 
4 +l +l -1 
5 -1 -1 +l 
6 +l -1 +l 
7 -1 +l +l 





A tttwo level factorial analysis" allows all linear effects of both 
the main varlables and the variable interactions to be detemined i.e. -
for three variables (X1, x2 and x3) the response Y is represented by 
the model: 
where 
Y= Bo + 8:i.1i. + a2~ + a3X3 + a4I112 + a5Xi X3 
+ a612I3 + ar\ ~XJ. 
Y- response of the dependent variable. 
1i_- main variable "i". 
1:i_Xj- variable interaction between 91i" and "jtt. 
~ - calculated coefficient. 
(1.1) 
The calculated coefficients can be detennined from the results of the 
eight treatments given in Table 2 by standard multilinear regression 
techniques or by a simple mathematical treatment given by Yates (3). 
Although Equation 1.1 fits the response of the eight treatments 
given in Table 2 exactly, whether it can be vsed to interpolate or 
extrapolate the results beyond the observed levels of the variables 
depends entirely upon the linearity of the response in the desired 
range. Nonlinear tenns can be added to Equation 1.1 by the use of 
additional experimental. treatments. 
The treatments required for a linear model using a 23 factorial. 
analysis can be reduced from eight treatments to four if the interaction 
terms in Equation 1.1 are neglible. The resulting model (denoted by 









The definition of an interaction is the infiuence one variable has on 
another at different levels of the fo:mer. If the change in response 
for a given change in-variable 11_ is independent of the level of I 2 
then an 1:J.12 interaction does not exist (Figure 7); the opposite is 
true when an 1ix2 interaction exists {Figure 8). The basis for 
determining which interactions are neglible is either prior engineering 
·knowledge of the process or completion of the full factorial. analysis • 
The 23 factorial analysis was used to study the three winding 
parameters winding angle, radial pitch and axial pitch. Initially, 
four heat exchangers were studied, although some interactions were thought 
to Qe significant. Two additionat heat exchangers were later studied 
in order to further compare effects. 
,. 
The ranges of the winding parameters were set by fabrication 
policies of the heat exchanger supplier.1 The levels of winding 
parameters the six exchangers used for this work are given in Table J. 





Fl GURE 7 
NO VARIABLE INTERACTION 
y 
FIGURE 8 
x,x2 -VARIABLE INTERACTION 
,f . 
TABLE 3 
NOMINAL SPEX;IFICATIONS OF TEST EICHANGF.RS 
LEVELS OF VAR!Aal,E .. . . . 
• ~ -~;;..,.: •• .l, :· 
WINDING ANGLE RADIAL PITCH .· AIIAL PITCH . 
TREATMmT 
1 18.5 1.29 1.03 
2 4.5 1.03 1.03 
3 4.5 1.29 1.29 
4 18.5 1.03 1.29 
5 18.5 1.29 1.29 







In order for Table 2 and Table 3 to coincide the var:l.ables must be 
l 
put in climensionl.ess form as shown·below for variable 1:i_: 
Er.ample: 
1:J. = Winding Angle = WA 
I_1 - low level 
I+l - high level 
Ii_ - dimensionless value 
1:J.M = {I+l + I_1)/2 
/J \ = {I+l- I_l) 
WA= WA- {{18.5+4.5)/2)/((18.5-4.5)/2} 
-WA= WA- 11.5/7.0 
WA+l = 18.5-11.5/7.0 = +l 
wi_l = 4.5-11.5/7.0 = -1 
Overall heat transfer coefficients were lll8asured as a function of 
shell now rate and nuid properties for each exchange. Shell side 
heat transfer coefficients were calculated from these measured values 
of overall coefficients and the use of the Dittus-Boelter equation to 
describe the tube side coefficients. A correlation of the type: 
Nu = C{Re}A{Pr)B {3.1} 
was asswned to describe the shell side heat transfer relation. The 
constants A, B and C are independent of shell now rate and fluid 
properties and depend only upon exchanger geometry. Thus, for any one 
exchanger A, Band Care true constants. 
l. 
' \ 
The purpose of this work was to determine the effects of specific 
winding parameters on shell side heat transfer coefficients. Study of the 
proposed correlation (Equation J.l) show that the winding parameters 
directly affect only the constants A, B and C. The shell side heat 
transfer coefficient is then a function of the winding parameters through 
their influence on A, B and C. The experimental results for each heat 
exchanger yielded Nusselt Numbers as a function of Reynolds Number and 
Prandtl Number. The values of A, B and C were detennined for each heat 
exchanger by correlating these Nussel t Numbers, Reynolds Numbers Cid 
Prandtl Numbers through Equation J.l. Thus, the measured heat transfer 
data for each. exchanger yielded one set of values for A, Band C. The 
fact should be noted that the Nusselt Number, Reynolds Number and Prandtl 
Number are experimental variables but that their purpose is to allow the 
calculation of A, B and C. The experimental variables which are of 
interest in this work are winding angle, radial pitch and axial pitch. 
The correlations which are sought are A, Band C as functions of these 
geometric parameters. Hence, one treatment or experimental data point 
corresponds to one set of A, B and C and the values of the respective 
geometric parameters. 
The constants C, A and B were correlated as a function of winding 




A = aa>+ aal WA +aa2RP + aa3IP (4.2) 
B = ~+ ab1wi +ab2RP + ab)AP (4.3) 
-· __ , ____ --··-'::~ --------~---~---- ·-
.. 
.f 
. ,; where the coefficients 81.j are constants determined by mul tilinear 
regression analysis. These equations were then used to predict the 
values of C, A, and B for heat exchangers 5-6. The final correlations 
are of the same fo:nn as Equations 4.1-4.J but new values of the 
, 
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EIPF.BIMFBTAL APPARATUS AND OPERATING PIDCEDURE 
The experimental apparatus is shown in Figures 9-11; a Flow Diagram 
is shown in Figure 12. The nomenclature and specifications of the 
equipnent shown in Figures 9-11 are given in Table 4. 
The purpose of the test apparatus was to measure overall coefficients 
for each heat exchanger as a function of shell side flow velocity. The 
measurements required for the calculations of overall coefficients 
(Figure 13) are tElllperatures at all inlets and outlets of the heat exchanger 
J 
and now rates of all streams. Pressure drops were ~easured in order to 
calculate friction factors. Water was used as the tube side fluid in all 
cases, whereas, both air and water were used as the shell side fluid. 
The purpose of using both air and water as the shell side fluid was to 
detenn;f.ne the effect of Prandtl Number on the shell heat transfer coefficient. 
The operating procedure using water as the shell side fluid was 
(refer to Figures 9-13): 
1. Set inlet temperatures Tsi, Ttl. This was accomplished 
by controlling the tanperatures in Tank 1 and Tank 2. 
Pneumatic proportional controllers were used 'to regulate 
the tank temperatures by controlling the fl.ow rate of 
either steam or cooling water to the respective tank. 
' 
\ 



























































~UIPMP.NT NOf,liJlCLATURE AND SP&;IFICAXIONS ':) 
I~~ 
:i :1 
' ·] SYMBOL (Figure 12) 
Pwnp l ~ GPM l20 1 HD Centrifugal Pump. 
Pump 2 ))0 GPM 120'HD Centrifugal Pump. 
PTC Pnuanatic Proportional Controller. 
FCV Pneumatically actuated Flow Control 
.; Valveo 
O™l_ 411 Std. Orifice Flanges 
ASTM Orifice Plates (Stainless Steel) 
\ 300" Water-Differential Pressure Transmitter. 
Sq. Root Pressure Gauge. 
Offl2 
311 ftd. ~ice Flanges 
ASTM Orifice Plates (Stainless Steel) 
200" Water-lli.f f erential Pressure 
Transmitter. 
Sq. Root ,Pressure Gauge. 
DTI 25 Junction Cu-Con Thennopiles 
certified by manufacturer to follow 
NBS Circular 561.. Individual 
themocouples are included at each 
measuring junction. 
10 11 Ibal Pen Strip Chart Recording 
Potentiometer (Range 1 mv-lOOv). 
DP! 0-19:> psi Differential Pressure 
Indicator. 
r PI 0-100 psig Pressure Indicator. 
\ 
.j BOT Laboratory calibrated Rotameter 
:t (Range 0-10 GPM). i 
::! 










TABLE 4 (cont'd.) 
200 Gallon low temperature surge 
Tank. 
Air orifice 
Red oil Marmometer (0-36 inches)"' 
2- 25 HP 17 CFM 125 psi Compressors. 
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FIGURE 13 
DATA REQUIRED FOR MEASUREMENT 






2. Set tube side now rate. 
3. Measure appropriate variables (Figure 13) at 
steady state for a nwnber of now rates on the 
shell side. Steady state conditions were 
asswned when the exit temperatures were constant 
for a reasonable period of time. These tempera-
tures ( or any two) were continuously moni.tored 
using a dual-pen strip chart recording potentiometer. 
The operating procedure using air as the shell side fluid was: 
1. Set the temperature in Tank 2. 
2. Set the tube side now rate. 
J. Measure appropriate variables (Figure 13) at steady 





The calculation of the overall he~t transfer coefficient was based 
'), 
upon six independent measurements: 
A. Shell side fluid - water 
1. Tsl - Cu-Con thennocouple with ice bath reference 
2. (Ts2-Ts1> 
J. (Tt2-Ts1) 25 junction Cu-Con themopiles, certified by manufacturer 
4. (Tu-Ts2> to follow NBS Circular 561 
/ 
5 • Fs ASTM orifice plates 
















B. Shell side fiuid - Air 
1. TtJ. - Cu-Con themocouple with ice bath reference 
(Tt2-Ttl) 2. 25 junction Cu-Con themopiles, 
certified by manufacturer 
3. (TsrTtl) to follow NBS Circular 561 
4. (Ts1-Ts2> 
5. F5 - ASTM orifice plates 
6. Ft - Laboratory calibrated rotameter ( !. 3%) 
'lhe accuracy of the overall coefficient is assumed to be approximately 
equal to the percent difference (%HBE) of the shell side enthalpy change 
and the tube side enthalpy change. This is illustrated by the following 
series of calculations. 
Qs = lms°i>s<TsrTs1> I 
Qt = II11tcpt<Tt2-Tt1) I 
Qs = Qt + Heat Loss 
The quantity of heat loss was calculated to be neglible when compared 
to Qs or Qt and therefore: 
Qs ;; Qt 
% HBE = I ( (Qs - Qt)/Qs) I .100 
Q = Qs ! %HBE = Qt ! %HBE 
Uo = Q/ Ao (6. T )lm ! %HBE 
The choice of Q
8 
for the denominator of %HBE was arbitrary. The HBE is 
given for all experimental runs in Appendix B. 
Examination of Appendix B shows that the HBE for all runs using 
water as the shell side fiuid is in general less than 5%. The HBE for 
27 
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the air runs range from 100% to 1% and are a function of mass now rate. 
]The reason·ror the large discrepancy was water leaking from an intercooler 
1 \of one of the compressors, which supplied the air, fomed a mist which 
evaporated in the heat exchanger. The reason for the higher HBE at low 
'mass now rates was that the leaking compressor supplied the majority 
of the air at low now rates. For these reasons the overall coefficients 
were based upon tube side enthalpy changes, which were measured with 25 
junction thermopiles and a calibrated rotameter (,! 3%). The accuracy 
of the overall coefficients for the air data is as good as and perhaps 
better than that of the water data because of the excellent measurement 
precision. 
A standard orifice plate was used to measure the now rate of air 
and originally plans were to calibrate this orifice with critical now 
nozzles. Unfortunately the moisture in the air discredited the calibration 
of the critical now nozzles. The orifice coefficient (assum.ed to be 
constant because the minimwn orifice Reynolds Nwnber was in excess of 104) 
vas determined frail measured friction factor data using both air and water 
as shell side nuids in Heat Exchanger 2. '!he following procedure was 
used to calculate the orifice coefficient (equations are given in 
Appendix D): 
1. Friction factor - Reynolds Number curves were 
measured using water as the shell side fluid. 
2. Shell pressure drop - manometer readings were 
measured using air as the shell side nuid. 
·i 
' 
J. A trial and error procedure was used to 
calculate an oiifice coefficient, for each 
air data point, such that the data point 
would agree with the measured water friction 
factor curve. 
The results of these calculations yielded a constant value of the 
orifice coefficient for all data points of 0.729. The orifice 
diameter ratio was 0.91; taps were located a considerable distance 
downstream from the vena-contracta and for these conditions 0.729 








ANALYSIS OF THE DA.TA 
The differential. equations describing fiuid now and heat 
transfer have been written in dimensionless form (5) and indicate 
a solution of the type: 
Nu ,. f(Re,Pr) 
for single phase heat transfer. The complex:i. ty of the boundary 
conditions for Spiral W>und Heat Exchangers make analytic solutions 
or these equations improbable and experimental solutions were sought. 
lxperimental results of many investigators have been correlated 
by relationships of the type: 
Nu,. C(Re)A(Pr)B (3.1) 
for single phase now in ducts or over objects, where C, A and B are 
constants dependent only on geometry. This is the fonn of the 
correlation which was found for this work. 
The Nusselt Nwnber, Reynolds Nwnber and Prandtl Nwnber are 
defined in a manner similar to those for flow nonual to banks of 
straight tubes: 
Nu,. hsDtf\i 
Re .. DtGs/J(m 
Pr • cp mJ\i 
Dt - Tube o.D. 
hs - Shell heat transfer 
coefficient . 
cp,k ,J(m - Temperature mean 
m fluid properties. 
Gs - Shell mass now per unit 
area. 
The mass nux Gs is equal to the mass now rate divided by the free 
now area. The free now area was determined by subt~acting the volwne 
of the tubing, mandrel and spacer wires from the volume of the finished 
exchanger tor a given length of the buncll.e and divided by t'bis length: 
V id "' V - (V +V +V ) vo ex.ch. tubes central spacer 
core wires 
Afree now"' (Vvoi/Length). 
The outside heat transfer area \ was calculated from the total 
length of tubing used in an exchanger. Rasul ts are also given with 
Ao based only upon bundle area. 
The calculated shell side heat transfer coefficients were 
correlated by multilinear regression analysis in order to determine 
the statistically-best values of the constants C, A and B for each 
exchanger. The constants for heat exchangers 1 thru 4 (Table 2) were 
then correlated as a function of the winding parameters using Equations 
4.1-4.3 (these equations represent a 1/2(23) factorial analysis) and 
multilinear regression analysis. These equations were then used to 
calculate the values of C, A and B for heat exchangers 5-6. The 
calculated values were then compared with the experimentally detemined 
values to detennine the significance of variable interactions. Final 
correlations of the constants c, A and B were of the fonn of Equations 
4.1-4.3 with the new values of the coefficients ~j being detennined 
by mul tilinear regression analysis using the results of all six 
exchangers. 
Shell side pressure drops were measured for all heat exchangers 
and various fonns of the friction factor were compared to the value 
of those predicted using equations for now normal to banks of straight 
tubes. 
/\. 
PRESENTATION AND DISCUSSION OF RESULTS 
A relationship having the fonn: 
Nu= C(Re)A(Pr)B ).1 
·1 
i was asswned to represent the functional fonn of the shell side heat 
transfer coefficient for each heat exchanger. This relationship can 
be expanded to the fo:nn: 
ln(N.u) = ln C + A ln(Re) + B ln(Pr) 4.1 
5.1 
and multilinear regression analysis can be used in order to detennine 
the values of the constants 8a = ln c, 81_ = A and ~ = B from the 
experimental data. The values of these cons tan ts are given in Table 5. 
The Nusselt Number is plotted as a function of ReAPrB for each heat 
exchanger tested in Figures 14-19. 
( 
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COOSTANTS DERIVED FBOM LF.AST ~UARES FIT OF 
Nu= C(Re)A{Pr)B 
Heat Exchanger A er A B 




1 1 o. 71 +o.01 0.93 +o.02 -2.8698 O .0567 3 3 
l 
2 o.84 +o.01 0.,1 +o.01 -4.7682 0.0085 3 3 
-
3 o.85 ,!().03 0.10 !0-04 -3.4893 0 .OJ05 3 3 
4 o.83 +o.02 1.14 ,!O .03 -3.ltlu.O 0 .0320 3 3 
5 o. 71 +o .01 1.02 +o.02 -2.4642 0.0851 3 3 
6 o.86 +o.02 0.83 <tO .02 -3.8449 0.0214 3 3 
TABLE 5B 
STATISTICS OF FIT OF CORRELATION 
Heat Exchanger R2 Residual Mean Square Data Points 
1 0.99774 0.003148 45 
2 o .99557 0.000796 24 
3 0.98732 0.012976 24 
4 0.99778 0.003190 JO 
5 0.99895 0.001826 JO 
6 0.99596 0.003717 26 
er - Standard Deviation 
R2- Square of Multilinear Regression Coefficient 
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HEAT EXCHANGER 2 
t- WATER PR• 7.71 
&-WATER PR• 2.28 
G-AIR PR• 0.70 
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FIGURE 15 
EXPERIMENTAL DATA WITH 












HEAT EX CHAN GER 
A - WATER 
0 - AIR 
4 6 8 103 
(RE)85( PR )70 
FIGURE 16 
EXPERIMENTAL DATA WITH 
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HEAT EXCHANGER 4 
10 A - WATER 
8 (:) - AIR 
6 
4 
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HEAT EXCHANGER 5 
A- WATER 
0 - AIR 
2 4 6 8 I o3 2 
(REJ71 ( PR)I.02 
FIGURE 18 
EXPERIMENTAL DATA WITH 

































HEAT EXCHANGER 6 
A - WATER 
0 - AIR 




EXPERIMENTAL DATA WITH 




Examination of the statistical quantities given in Table 5 indicates 
the excellent consistency of the fit of the experimental data to the 
equation Nu ,. ~f. The multiple linear regression coefficient (R) 
is a measure of the goodness of fit of the desired equation to the 
e:xperimental data; the value of R is bounded by: 
1 > R > 0 and when R = 1 
- -
there is a perfect linear fit of the equation to the data. The range 
of R2 for the exchang[,8' tested is .987 to .999, from which the 
conclusion can be drawn that the experllnental data is accurately and 
consistently represented by the equation Nu= ~. 
Confidence limits define the degree of reliability that a particular 
independent variable influences the dependent variable. If the proposed 
correlation is correct and if certain statistical tests apply (F-test) 
then a confidence limit equal to three means that more than ninety-nine 
percent of the time the observed response of the dependent variable 
results from changes in the independent variable and not from chance 










greater than 99% 
the standard deviation is a measure of the reliability of the 





The exponent of the Reynolds Nurnber is approximately constant and 
equal to 0.80 (average value) for all exchangers tested. This average 
value is equivalent to the rule of thurnb value suggested for most heat 
transfer processes but differs from the experimental value of O.cO 
suggested for heat transfer to fluids flowing normal to banks of 
straight tubes (6,7). 
The Prandtl Number exponent varies from O. 57 to 1.14 di.ff ering 
significantly from the usual one-third value. The exponential one-third 
relation between Prandtl Number and Nuss el t Number has been found 
acceptable in a large number of experimental correlations. A correlation 
of this form has no foundation in theory and convincing experimental 
evidence is very scarce. Theoretical relationships between the Nussel t 
Nurnber and the Prandtl Number are very complex and certainly not simple 
exponentials of any value. As the thermal resistance shifts between 
I 
laminar flowing molecular conduction and fully turbulent transport, 
the relationship varies between direct proportionality of Nusselt 
Number to Prandtl Number and complete independence. The only real 
defense for a simple fractional exponential is that these boundaries 
are satisfied. The fractional exponential always yields a value between 
the Prandtl Number its elf and one, hence expressing some balance of 
resistance between the laminar flowing layer and the turbulent core. 
In view of the widespread use of the one-third exponent a dis-
cussion of possible reasons for the significant difference in 
exponents is appropriate. Several steps in the calculation of the 









basic being inconsistency of the measured data. The Nussel t Nll1lber 
is as measured at only two values of the Prandtl Nll1lber (Pr"' 2.28 for 
water and PrNO. 70 for air) for the majority of the heat exchanger 
tested. An additional value of the Prandtl Number (Pr iv 7. 78-water) 
was tested in Heat Exchanger 2. 'Iha results of these experimental 
measlll'8D.ents are given in Figure 20. If the assumption is made that 
the curves in Figure 20 fit the functional fo:nn: 
Nu= C(Re)A(Pr)B 
then for: Re = constant 
the relation between curves is: 
N C~~ ~ c~> = ~(Re~ trr2 
Referring to Figure 20 at Re = ~: 
Nu Pr 
1 37.1 1.18 
2 17.4 2.28 
3 8.8 0.10 
the exponents calculated between curves are: 
Bi.2 = 0 .62 
l\3 = 0 .€D 
B23 = 0.58 
(3.1) 
(.6.1) 
The conclusion which can be ascertained from this similarity of 
calculated exponents is that the measured data is consistent and 
reliable. 
The calculation of shell heat transfer coefficient is highly 
dependent on the knowledge of the tube coefficients for most e:xper:iJllental 
conditions. Hence, use of an incorrect tube coefficient could signi.fi-, 













HEAT EXCHANGER 2 
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EXPERIMENTAL DATA SHOWING 





cantJ.y affect the calculated Prandtl Nwnber exponent. Pressure drop 
studies (8) have concluded that for coiled tubes where the ratio of 
tube diameter to coil diameter is small and where the Reynolds 
Number is large, now in coiled tubes is the same as now in straight 
tubes. The direct ramification of this study is the use of straight 
tube coITelations for predicting tube heat transfer coefficients. 
Measured values of tube pressure drop for the experimental exchangers 
yield values of the friction factor significantly in excess of those 
given for comercial straight tubing (9). Thereby, suggesting the 
possibility of an actual tube coefficient which differs from the one 
calculated from straight tube correlations. 
An examination of manufacturing practices in the construction of 
these exchangers indicate some reasons for the large discrepancies between 
measured fric;t,ion factors and straight tube friction factors. The 
pigtails (Figure 21) are fed from the bundle into a manifold making 
a sharp turn. The excessive bending which occurs at this tum could 
produce a significant change in cross sectional area of the tube. 
Furthennore, layers of tubes are separated from the previous layer by 
spacer wires. The tubes are inevitably bent more at the spacer wires 
(Figure 22) to an extent which is a complex (and probably und.eteminable) 
function of winding tension, stiffness of tubes, diameter of layer, 
thickness of spacer wire, spacing between wires and the mating of the 
contact point on the spacer wire of the layer being wound. with the 
contact point of the nearest tube or tubes in the previous layer. This 
results in some inevitable reduction in cross sectional area and 
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practices will be to increase tube pressure drop and tube heat transfer 
coefficients. The degree of increase will differ between the two 
depending on how the additional friction loss is generated. An 
estimate of the degree of increase of tube coefficient can be made by 
examining the Reynold I s heat and momentum analogy using the empirically 
detennined Dittus-Boelter heat transfer correlation. For turbulent 
now in straight tubes: 
Nu = .02.3 Re. BPrN 
I = .023 Re-· 2 
N = o.4 heating 
N = 0.3 cooling 
These empirical correlations can be rearranged and equated to yield: 
Nu f (~) =E (7.1) 
thereby expressing a unique relations between heat transfer and pressure 
loss in straight tubes. Measurements of tube friction factors for the 
experimental exchangers indicate a correlation: 
C = constant')/ .023 
with the constant 11C11 as much as 200% higher. If one assumes that the 
same relation between heat and momentum transfer holds for these 
\ 
exchangers as for straight t~s (Fqn. 7J.) then the tube heat transfer 
coefficient will increase by a similar amount i.e. - the heat transfer 
relation will be given by: 
Nu = C Re· 8Pl C );.023 
Although this type of analysis indicates that the tube heat transfer 
coefficient can be as much as 200% higher than that.calculated from 
now in straight tubes, there is no basis at present to dete:nnine the 
exact increase. 
A value of tube side coefficient which is higher than assumed will 
1 
· :) yield a value of shell coefficient which is too high. The largest 
; 
influence will occur when water is the shEU]. fluid, because both the 
shell and tube coefficients are the same order of magnitude. When air 
is used as the shell fluid the tube coefficient is approximately two 
orders of magnitude higher than the measured overall coefficient, hence 
the air shell coefficient is equivalent to the measured overall coefficient. 
Examination of the individual coefficients (Appendix C) used in 
calculating the consistency of the measured data for Heat Exchanger 2, 
shows that in all cases (both air and water) the shell side resistance 
~s the only significant heat transfer resistance. Hence any conclusions 
previously ascertained concerning the reliability of the measured 
' data remain valid and are independent of tube heat transfer coefficients. 
A more intense study of Appendix C and of Table S show that where 
the shell and tube coefficients are of the same order of magnitude the 
calculated Prandtl Number exponent is exceptionally large. This 
observation prompted the testing of a third Prandtl Number value 
(Pr"'7.00 - water) in another heat exchange (Heat Exchanger 5). The 
results of these tests are given in Figure 23. The Prandtl Number 
exponents calculated from Equation 6.1 are: 
B:i_2 = o.547 
B:i_3 = o. 7SS 
B23 = 1.070 
The significant disagreement of these calculated exponents yields 
additional evidence concerning the unreliability of calculating tube 
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are higher than assumed, the shell coefficients will be lower than 
calculated when water is the shell fluid. The net resul. t is to 
increase the calculated Prandtl Number exponent when canparing air 
and water data. 
A third factor in determining shell coefficients is the 
specification of the heat transfer area. Improper choice of the 
heat transfer area will change the (apparent or calculated) values 
of the Prandtl Number exponent. The value of the heat transfer 
area which has been used in all previous calculations is the outside 
area based on the total length of tubing. The results of the 
calculation of the parameters A, B and ln C based only on bundle area 
are gi van in Table 6 for comparison ( total area and bundle area are 
given in Appendix A for each exchanger) with Table 5. Study of these 
Tables shows that the Prandtl Number exponents rsnain nearly the same 
when canpared between exchangers. 
Heat transfer area is calculated assuming all tubes are working 
properly. If because of the previously mentioned manufacturing 
techniques, some tubes are not in service, incorrect values of both 
heat transfer area and tube Reynolds Number will be calculated. The 
primary resul. t will be a calculated value of shell heat transfer 
coefficient which is too large. The net effect is a calculated 
Prandtl N\lllber exponent which is too high. Sufficient evidence is 
not presentJ.y available to detennine if a significant number of tubes 





'l TABLE 6A 
l 
COOSTANTS DERIVED FROM LEAST SQUARES FIT OF 
Nu= C(Re)A(Pr)B 
WITH ''Nu II DERIVED USING BUNDLE AREA OOLY 
Heat Exchanger A ([' A B <t' B ln C 
C ~ ~ 
-
-
1 0.78 ,t().01 1.05 ~.03 -3.1133 
0 .0445 3 3 
2 0.76 ~.04 o.51 ~.03 -3.9892 
0.0185 3 3 
3 o.86 ~.03 o. 71 ~.04 -3.5479 
0.0288 3 3 
4 o.86 +0.06 1.57 ~.09 -3.2934 
0.0371 3 3 
5 0. 79 ,t().01 1.08 ,t().02 -2.7881 
0.0615 3 3 
6 o.87 +0.02 o.85 ~.03 -3.84ll 
0 .0215 3 3 
TABLE 6B 
STATISTICS OF FIT OF CORRELATION 
Heat Exchanger i Residual Mean Square Data Points 













Values of A and C with B forced to one-third are given in Table 7 
for canpleteness. Observation of both the Reynolds Nurnber exponent 
and the constant "C" in Table 7 points out the definite inappropriateness 
of using a one-third Prandtl NlDTlber exponent. 
The previous discussion of the factors which influence the 
calculated Prandtl Number exponent have shown the measured data to 
be reliable and consistent. Furthennore, if any disagreement does 
exist between the true Prandtl Number exponent and the value calculated 
from e:xperimental measurements, it could be a direct result of the use 
of straight tube correlations to predict tube side heat transfer 
coefficients. The only solutions to more adequately characterizing 
the true behavior of an exchanger is future experimentation. 
The purpose of this work was to relate the constants A, B and C 
to the geometrical construction parameters winding angle, radial 
pitch and axial pitch. This was accomplished by use of a fractional 
factorial analysis. The values of A, B and C given in Table 5 were 
'\ 
used in the analysis. Fquations 4.1 - 4.3 
lnC = a;OO + a·Cl WA + a.02 RP + aCJ AP 
A= a.AO + a;il WA + a.A2 BP+ aAJ AP 




were used to represent the functional form of the relation between the 
constants A, B and C and the winding parameters. The coefficients aij 
were detennined from the experimental results of Heat Exchangers 1 
thru 4 using multilinear regression analysis. Knowing the values of 
TABLE 7A 
COOSTANTS DERIVED F:OOM LEAST SQUARES FIT OF 
Nu= C(Re)A(Pr)l/3 
Heat Exchanger A <r A ln C C ~ 
-
1 .87 !·03 -3.9282 .0197 3 
2 • (JJ !·05 -2. 6J.i1,0 .0713 3 
3 1.00 +.06 -4.5482 .0106 3 
4 1.12 !·07 -6.3019 .0018 3 
5 .93 !·05 -3.9890 .0185 3 
6 1.11 +.07 -5. 7007 .0033 3 
TABLE 7B 
STATISTICS OF FIT OF CORRELATION 
Rea t Exchanger R2 Residual Mean &Juare 
Data Points 
1 .95646 .048208 45
 
2 .84847 .027792 
24 
3 . 92785 .051752 
24 
4 . 90914 .119805 
30 
5 .93283 .089619 
30 





;I, ms and IJS for Heat Exchangers S and 6, the values of ·ln C, A and B 
were calculated for these exchangers using ~uations 4.1 - 4.3. 'lbe 
results of these calculations are compared with experimental results 
., 
in Table 8 • 
TABLE 8 
Predicted Values of A, B, and C for 
Exchangers 5 and 6 Using A 
"1/2-- 2J Factorial Analysis" 











Coefficients ··~j" Calculated from Results of Exchangers 1-4 
























Coefficients "8i_j II Calculated from Rasul ts of hchangers 1-4 
8Bo= o.83505 ~1= 0.199999 '132 =-0 .022780 '133 =-0 .083705 
Heat Exchanger C5bl:c:Y:1ateg 11B" Experimental "B" % W..fference 
5 1.10 1.11 
1.2 
6 o.53 0.83 )6.4 
Prediction of ncn 
Heat Bicchanger Experimental ln(C) 
l -2.8698 
2 -4. 7682 
3 -J.4893 
4 -).4LJ.O 
Coefficients 11Bj_j'' Calculated from Rasul ts of Bx:changers 1-4 
aco= -J.642075 a01= o.486675 ac2= o.462525 ac3= 0.176925 
Heat Exchanger Calculated ln(Cl Experimental ln(C) % Ilifference 
5 -2.,:1.595 -2.4642 2.1 




The calculated values 'of the constants lnC., A., B for exchang~rs 
5 and 6 were based on the premise that all variable interactions were 
insignificant. The apparent discrepancies between the calculated and 
actual values of lnC., A and B are due to the presence of variable 
interactions and experimental error. Additional heat exchangers 
would be required in order to dete:nnine all the variable interactions. 
The final correlations of lnC, A and B in tenns of the winding 
parameters, which were studies, have the fonn: 
(5.1) lnC = bco + bc1 (WA)+ bC2 (RP)+ bC3 (AP) 
(5.2) A = bAO + bAl (WA) + bA2 (RP)+ bA) (AP) 
(5.3) B = ~o + bB1 (WA) + bB2 (RP)+ ~3 (AP) 
1'fultilinear regression analysis using the experimentally detennined 
values of lnC., A and B for all six exchangers was used to calculate 
the constants bw in equations 5.1 thru 5.3. The results of this 
analysis are given in Table 9. lxamination of the multiple linear 
regression coeffic1ents (R2) given in Table 9 indicate that A and B 
are linearly independent of the winding parameters studied. Use of 
mean values dete:nnined from this experimental work is suggested for 
the exponents of the Reynolds Nmnber and Prandt.l Nmnber. These values 
... are: l = o.80 
lr = 0.99 
The multilinear regression coefficient for the correlation of lnC is 
exceptionally good (R2 ~ .99895). 
TABLE 9A 
LEAST SQUARES FIT OF !QUATIONS 5,1-5,3 
COEFFICIENTS "b ti 
' i 
..1, ...El. ~ .l:2 I !r., .!3 sz:?, l. 
Dependent Var. 
ln C -3.6358 o.49 -t0.01 o.47 -t{).01 0.18 +.OC)l 
A 0.81 -0.05 -t0.02 -0.03 -fO .02 0.01 -tO .02 
·-
B o.87 0.16 ~.07 0.02 -tO .o 7 0.05 ~.07 
TABLE 9B 
STATISTICS OF FIT 
., 
~ ~ ~ l 
ln C 3 3 3 0.99895 
A 0 0 0 0.46531 
B 0 0 0 o.5~72 
CL - confidence limit 
R2 - square of multiple regression coefficient 
Confidence limits (Taible 9) for the correlation of lnC indicate 
that all the variabl€$ significantly influence lnC. The suggested 
relationship for lnC is: 
1n C = -3 o6JS8 + Ooh9336(WA) + o.u.6878(RP) + Ool836l(AP) 
Logarithmic correlations were tried for the exponents A and B 
but yielded no improvement. 
Shell side friction factor data using water as the shell fluid 
are given in Figures 24-29 for each exchanger testedo The friction 
factors are defi~d in three different manners: 
Force 
I. f = (Wetted Area) ( Kinetic Energy Per Unit Volume) 
1 
-~ 
f = (Aws) 
1 
II. The following are given (6,7) for flow normal to banks 
of parallel tubes. 
(-APs) Nt 
f = 2(m /Ar F s s Nt - Number of traverse rows 
2 
( 
.o8AP N) l5 
f = .oh4 + (RP-l) Re-• N = (Ooh3 + 1.13/AP) 
3 
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SUMMARY AND CONCLUSIONS 
Six ~iral Wound Heat Exchangers were tested in order to detemine 
the effects of winding angle, radial pitch and axial pitch on shell 
side heat transfer coefficients. Overall heat transfer coefficients 
were measured as a function of shell side now rate and fluid properties. 
Shell side heat transfer coefficients were calculated from the measured 
overall coefficients and use of the Dittus-Boelter correlation to 
calculate tube side coefficients. Shell coefficients were correlated 
by the relation: 
Nu =C ReA~ 
for each heat exchanger. The values of A, B and C depend only on the 
geometric construction parameters. Mul tilinear regression analysis 
was used to relate the values of A, B and C to the winding parameters. 
The results of this analysis show A and B to be linearly independent 
of the winding parameter which were studiPd. The mean values: 
A= 0.80 
B = 0.99. 
of the six exchangers which were tested, are suggested for use. The 
value of Chas been correlated by the following fonnula: 
1n c '= -J.6358 + o.49336WA + o.46878RP + 0.18361.AP 
Overall coefficients are considered accurate to at least !5%. 
Shell side correlations are considered to be as reliable as the use of 
the Dittus-Boelter correlations in predicting tube side coefficients. 
'I 
Use of the correlation to interpolate and extrapolate the values 
or lnC beyond the values of the parameters tested depends upon variable 
inte1:'~tions and the linearl ty of response of lnC. Non linear tenns 
could be added to the correlation for lnC but only with additional heat 
exchangers. At the present state of control of manufacturing techniques, 
and uncertainties in tube side correlations, this additional experi-
mentation seElllS unjustified. 
Additional work is suggested to detennine the correlations which 
apply to the tube coefficients. Tube side coefficients are suspected 
to be significantly different than those predicted from straight tube 
coITela tions. Manufacturing techniques, such as winding tension, 
rn.unber of spacer wires, size of the spacer wires, etc., are assumed 
to be the chief contributors to the difference in predicted and actual 
tube coefficients. 
RIDOMMmDATIONS FOR FU'IURE WRK 
Detennination of the actual tube heat transfer coefficient would 
greater enhance the value of the present work. Future refinE111ents of 
present correlations significantly depend upon this knowledge. The 
recormnendation is therefore suggested that a study be initiated to de-
tennine the correlation for tube side coefficients both in the presently 
available test exchangers and in ad.di tional exchangers. This work could 
be accomplished by using a fluid on the tube side whose heat transfer 
coefficient would be adequately represented by the measured overall 
coefficient (i.e. - air). 
Additional recormnendations include the study of fluids whose 
Prandtl Number is different than those of air and water. This would 
aid in the extrapolation of the correlation to cryogenic temperatures 
where the Prandtl Number is generally different from those of air and 
water. 
Improvement of the present correlations in terms of the winding 
parameters will require ad.di tional exchangers. These exchangers 
would yield the effect of variable interactions ( which can be highly 
significantJ.y) and the effect of nonlinearities. In view of present 






EXPERIMENTAL HEAT EXCHANGERS SPEtIFICATIONS 
HE WA RP AP 
1 18.5 1.29 1.03 
2 4.5 1.03 1.03 
3 4.5 1.29 1.29 
4 18.5 1.03 1.29 
5 18.5 1.29 1.29 
'6 4.5 1.29 1.02 
Bundl..e Length 24.0" 
Tu.be O.D. 0 .2~11 
Tube I.D. 0.152" 
Mandrel Diameter 3.511 
Number of Layers 7" 
HE - Heat Exchanger 
WA - Nominal lii.nding Angle 
RP - Naninal Radial Pitch 
AP - Nominal Axial Pitch 
NT - NlD'llber of Tubes 















- Ao Afs TL A* 0 
7.8 80.8 65.2 0.106 
26.0 6).0 59.4 0.038 
27.9 54.7 5]..8 0.127 
7.8 58.4 47 .2 0.078 
7.8 64.2 51.8 0.128 
32.3 68.6 65.2 0.104 
TL - Average Tube Length (ft.) 
A
0 
- Heat Transfer Area based 
on total length of tubing. 
(ft.2) 
* A - Heat Transfer Area based 
0 on tubing in bundle. (ft. 2) 
2 







1 ~ APPmDII B r 
i( 
PER CENT HEAT BALANCES DIFFERENCES 
Heat Exchanger 1 Heat Exchanger 2 Heat Exchanger 3· 
Case 'I, HBE Case % HBE Case 'I, HBE 
-
01122066 1.6 0112)066 o.o 01011167 L.7 
02122066 1.1 0212.3066 0.2 02011167 5.1 
• 03122066 0.1 03122066 o.3 0.3011167 L.O 
04122066 1.1 0412.3066 0.1 04011167 J.J 
05122066 1.8 0512.3066 1.5 05cn1161 J.3 
06122066 o.6 0612.3066 1.0 00011167 L.5 
07122066 J.8 0712.3066 o.8 07011167 L.2 
08122066 o.o 0812.3066 1.1 08011167 J.l 
09122066 2.1 0912.3066 5.0 01011267 5.5 
10122066 0.1 1012.3066 2.L 02011267 9.J 
12122066 o.6 01000667 1.4 0.3011267 6.9 
13122066 0.3 02000667 1.7 04011267 13.5 
1L122066 1.2 0)000667 LJ.l 0,011267 5.4 
15122066 2.2 04000667 4.L 00011267 4.0 
16122066 1.8 0,000667 3.9 AOl0.50667 9.1 
19122066 3.6 00000667 6.8 A02050667 49.L 
01122366 1.2 01000661 3.0 KfJJ.50667 26.8 
02122366 1.9 A010L2567 52.0 AOL0.50667 
)).1 
03122366 o.6 A02042567 54.6 JOl0,0767 
11.2 
04).22366 5.2 A0.3042567 61..9 A02050767 5)..8 
0,1.22366 2.9 AOu042567 53.6 AO'JJ.50767 27.1 
06122366 5.4 A0.50L2567 58.0 AOu0,0767 J5.4 
07122366 1.1 A00042567 56.2 A0.5050767 78.9 
08122366 4.4 A07042567 112.1 AOOOrJ:)767 40.9 























Heat Exchanger 4 Heat Exchanger 5 Heat Exchanger 6 
Case % HBE Case % HBE Case % HBE 
-
-
-02121466 8.3 01012167 4.4 
01031867 3.2 
03121466 7.6 02012167 0.2 
02031867 2.6 
041.21466 7 .6 Olt)l2167 5.9 0.3031867 
2.1 
05121466 7.6 05012167 3.1 
05031867 4.2 
07121466 9.4 01012367 2.3 
0&>31867 4.1 
08121466 8.6 02012367 3.4 
02032067 2.8 
09121466 0.7 0.3012367 2.6 
0.3032067 2.3 
10121466 3.0 01')12367 2.7 01'))2067 
3.2 
11121466 o.o 05012)67 1.8 050)2067 
3.5 
12121466 1. 7 0&>12367 1.3 
0&>)2067 2.3 
13121466 0.1 07012367 3.1 
07032067 2.9 
141.21466 2.2 01012667 2.5 
08032067 J.O 
15121466 4.0 02012667 3.8 
09032067 2.1 
16121466 2.5 0.3012667 ).2 100
)2067 2.8 
17121466 1. 7 04012667 1.9 
11032067 2.4 
18121466 4.5 05012667 4.1 
A01050167 14.0 
19121466 1.8 0&>12667 3.1 
A02050167 21. 7 
20121466 2.3 07012667 3.1 
A0.3050167 15. 7 
AOlO r):)967 36.4 08012667 2.9 A04050167 
17.5 
A020r))967 33.2 09012667 3. 7 
A050r))l67 32.5 
AO .30 r):)96 7 73.0 AOl050867 16.1 
AD&> r):) 16 7 3.4 
A040r))967 42.4 A020 r):)867 84.5 
A07050167 5.7 
NJ rJ) rJ) 9 6 7 95.4 .A0.3050867 25.5 
A08050167 5.0 
AD&>r):)961 39.2 A01')50867 25.t A01050267 
54.4 
AO?O'J:)961 (:0 .9 .A05050867 25.1 A0205
0267 61.1 
AOBO'J:)961 42.4 A0&>50867 )).9 A01')5
0267 31.3 
AD90'JJ961 43.8 A07050867 
6).1 
Al0050967 34.0 A080 r):)867 104.0 
AllO r):)967 75.5 A090'JJ867 46.9 
A1.20r))967 58.1 A1.0050867 )7.4 
% HBE percent difference between shell side and tube side enthalpy 
change. 
An "A" before a case number indicates that air was the shell fluid. 
APPmDII C 
IIPERIMmTAL DATA IN DIMmSIONLESS FORM 
Symbols Used in AppendiX C 
HE - Heat Exchanger 
HTC - Individual Heat Transfer Coefficient 
v 
TM - Average of Inlet and Exit Tanperatures 
HFAT TRAN~FEH JN SPIRAL WOUN~ HEiT EXCMA~GFRS 
0IMENSI0NLFSS AROUPS 
HE Ci\SE 51:CT I Oi'J RFYNOLns l~('I. Nt.lSSl::L T
 NO I P~ANDLT N '1. MTC TM 
1 01122066 5"1Fll 0 ,1.i;01E-+05 
0,1t25E+O~ 0.221&;E+01 2091.7 1
76,9 
TURE 0,2~491::+05 0,1027E+O~ 0,2414F.+01 
3124.1 165,6 
1 02122066 5HFLL 0,9?8HF-+04 
0,7A74E+O? 0,2?71F+01 1461.6 173.5
 
TU~F 0,2~04E+05 0,1020E+O~ 0.2467F+01
 3n9A,Q 162.9 
1 03122066 514F.LL 0,1740&+(;5 0,1~91E+O~
 0.219'5F+01 2215,Q 178,1 
TIJAF 0,2~21~+05 0,1015E+U~ 0,2403F+01 
3090.2 16b,2 
1 04122066 SHFLL 0,6684F+04 
O,b44f,E+02 0.2299E+01 1195.5 171,9 
TURF 0,??31E+05 0,10U1E+O~ 0,2'513E+01
 3038.3 160.4 
1 05122066 SHFLL O,i031t+05 
Q,tl492E+O? U.2248E+01 1 'H7. 4 174,9 
TIIRE 0,2?B6E+05 0,10lOE+03 0,244,F+
01 3070.2 164,0 
1 06122066 SHFLL 0,1c;91~+05 
0,1j10E+03 0,2196E+01 2065.0 178.0 
,, TURF 0,?~20E+05 0.1n15E+O~ 0.2405F+0
1 3089.4 166.1 
1 07122066 SHF.Ll. 0,75211::+04 
o.7o23E+O? 0,2?A7F+0t 1303.1 172.
6 
TURF 0.2:;,39~+05 0,10Q3E+O~ 0,2r:;02F+01 
3n43.2 161.0 
1 OB12206b 514FLL 0, 1?02F-+05 
0,9727E:+02 0,2228F+01 1R07,9 176,1 
T IJRF 0,235H+05 o,1o3nE+o~ 0,2425
F.+01 3131.~ 1fi5.0 
1 09122066 Sl-lELL o.~?75F.+04 
0,7615E+O? 0,2282E+01 1413.1 172.9 
TUBE 0,2?97~+05 0,1021E+O~ 0,24
90F.+01 3100,4 161.6 
1 10122066 SHELL 0,1412E+05 
o.1067E+o~ 0,2206F.+01 1984.3 177
,4 
TURE 0.2~67E+05 0 1 1032E+03 
0,2407E+01 3140 ·"' 166.0 
1 11122066 Sf.!ELL 0,1Q92E-+05 o.1054E+G
3 0.2249F.+01 1957.2 174,8 
TURE 0,?.~27E+05 0.10261:+03 
0,2453E+01 3118.0 163.6 
1 12122066 SHFLL 0,1657E+05 
0,1:t74E+03 0,2215F+01 2183.1 176.9 
TURF. 0,?34BE:+05 0,102QE+O~ 0,2429E+0
1 3129.9 164,9 
1 1312206b SHFLL 0,1295E+05 
o.9s4oE+02 0,2232E+01 1A29.9 175.9 
TURE 0,2342E-+05 0,1028E+O~ 
0,2436E+01 3126,4 164,5 
1 14122066 S~Fll 0,1?99E+05 
0 1 9642E+02 0,2222E+01 17Q2.3 176,4 
TURE 0,1s:;51£:-+05 0,7451E+02 
0,2483E+01 2262,7 162.0 
1 15122066 S14ELL 0,1~09E+05 
0,1o02E+03 0,2:?04F.+01 1A64,4 177.5 
TUR~ 0,2096E+05 0,9367E+O? 
0.2409F+01 2A50.3 165,9 
1 16122066 SHFLL 0,1~12E+05 
0,8690E+02 0,2199F+01 1fi16.7 177.8 
TlJRE 0,1R36E+05 0,845bE+O:? 
0,2430F+01 2c;11.,6 164,8 
1 19122066 SHf;LL 0,7616F+04 
Q,6B1AE+02 0.2237F+01 1266,R 175.5 
i 
TURE 0,1.c:;77E+05 0,7494E+02 









TURE 0,4449E+05 0,17~0E+03 
0,2442F.+01 5228.0 164,1 
' {· : 1 02122366 SHFLL 0,2411E+05 
0.1~38E+O~ 0,2204F+01 2R61,2 177.5 
TURE 0,4489E+05 0,1725E+03 
0,2418F.+01 5247,6 165,4 
MEAT TRANSFER IN SPl~AL liiOUNil HEAT EXcHA'11GF Rs 
OIMENSI0NLfSS nRnUPS 
HE CASE SECT l(it-i REVNOLtJS NO, NUSScLT !\in, p~ A"
1DL T Nr1 • 1-1 Tr. TM 
, .. 
' 1 03122366 SHELL 0,29B4E
+05 0 , 18 4 8 E + 0 :~ 0 ,2?2l'IF.+01 3434,2 17
6,2 
TURF. 0,4451E:+05 0,17c:!OE+03 0.2441F+01 
5?2R.Q 164,2 
1 04122366 SHF.LL o,4c;45r+o5 0,2193E:+0~ 
0,2169F+01 4083,I; 179,6 
TllRE 0,4553E:+05 0,1734E+O:i 0.2379F+01 
5279.3 167,5 
1 05122366 SMELL o.~c;90E:+o5 0,2QU6E+03 0,2:198F
.+01 3732.3 177,9 
TURF. 0,4c;20E+05 0,1729E+O~ 0,2398F+01 
c;:,63. 3 166 Ir; 
1 06122366 SHELL 0,4233~+05 0,2Qt;4E+O~ 0,2
174F+01 3AA0,2 179,3 
TllRF 0,4c;62E+05 0,17351::+03 0,2374F+01 
528~.7 167,8 
1 07122366 S4F.Ll. 0,2655E+05 0,16
98E+03 0,2227F+01 31i;~.A 176,1 
TURE 0,4484E+05 0,17,6E+O~ 0,2424F+01
 ':524fl.4 165.1 
1 08122366 SHELL 0,3Q36E+05 0,2051E+O~ 
0,21BAF+01 3R16.7 17EL 4 
TURE 0,4c;52F+05 0,1733E+03 0,23
79F+01 5279.1 167.5 
1 09122366 S1oJELL o.2031E+o5 0
,1419E+03 0,2231E+01 2637.7 175,9 
TURE 0,447BE+05 0,1724E+O~ 0.24
24F+01 5242.5 165,1 
1 10122366 SI-IELL. 0,3303F+05 0
,1946E+O~ 0,2210F+01 3~19,8 177,2 
TURE 0,4c;16~+05 0,1729E+03 0,
2401F+01 5261. 2 166.3 
1 11122366 S14ELL 0,3::>97E+05 
0.20051::+o~ 0,2214F+01 372~.6 176,
9 
TURF. 0,15o77E+05 0,1B97E+O~ 
0,239BF+01. '5775.1 166,5 
1 12122366 SHELL 0,3~14E+05 
0,2026E+03 0,2202E+01 3768.3 177.7 
TURE 0,3442E+05 0,1392E+03 
0,2404F+01 4235.B 166.1 
1 01122966 S~FLL 0,3c;B3E+04 
0,4324E+02 0,2286E+01 802.2 172,7
 
TUBE 0,1023E+05 0,5322E+02 
0,2460F+01 1!117.3 163,2 
1 02122966 SHELL 0,1c;63E+04 
0,2117E+'02 0,2350E+01 392.1 169,0 
TURE 0,9731E+04 0,5230E+O::> 
0,2604E+Ot 1c;R2.2 156,4 
1 03122966 SI-IELL 0,2428E+04 
0,31d1E+02 0,2315F.+01 5R9 J, 171. 0 
TURE 0,1o07E+05 0,5292E+02 
0,2504E+01 1fi O 6. 2 160,9 
1 04122966 SI-IELL 0,33Q4E+04 
Q,4o~9E+O? 0,2295F.+01 758.5 17,,1 
TUBE 0,1o21E+05 0,5318E+02 
0,2465F+01 1615.9 162,9 
1 05122966 SI-IELL 0,2o23F+04 
0,2Bd7E+02 0,2325F.+01 '534.9 170,4 
TUBF 0,9976E+04 0,5275E
+02 0,2531E+01 159Q.7 159,5 
1 06122966 SI-IELL 0,4o38E+0
4 0,4617E:+02 0.2276!=+01 P
5fl.9 173,3 
TUBE ·0,1029E+05 0,5332E+02 
0,2445E+01 1620.9 164,0 
i 
:,} 1 07122966 
SMF.LL 0,2A61E+04 0,3610E
+O?. 0,2301F.+01 669.5 171,8 
:1 
•·,,, 
TURE o,1015F.+05 o,5307c+o2 
0,2483F+01 1611.':5 162.0 
1 A01050367 SMELL 0,3iB9F+04 
0,1236E+02 0,697l,E+00 10.1 160,5 
TURE 0,4~53E+04 0 , 2·2 7·8 E +
 0 2 0 , 1918 E + 0 1, 704.6 197.3 
1 A01050~67 SMELL 0,2322E+04 
0.1o25E+02 0,7045!;+00 8,2 151,5 
TURE 0,4416E+04 0,23U2E+
O~ 0,1908F.+01 712.1 198,0 
73 
11\J SPl~AL wouNn HEAT EXcHAiJGERS I-IEAT TRANSF'ER 
DIMENSJONLE~S ~ROUPS 
HE CASE ser.i'JnN REVNOLOS NO. N11SSEL1 NO, PkANOLT 
NO. I-ITC TM 
1 A02050467 SHEl.L 0,2?74F.+04 0.1212t+O? 
0,6977F+00 1n.o 161,8 
TURE 0,4412E+04 0,23llRE.+02 0,1934E+01 
713.5 196,1 
1 A03050467 SI-IF.LL 0,3t12E+04 0,131.121:::+02 
0.6979F.+00 11 • r; 170,4 
TIIRE 0,4415F+04 o,2309i::+02 0,1932F+01 
713,7 196,2 
1 A04050467 SHF.:LL Q,.4754E+03 0,3Q77E+01 
0,7019E+00 2,4 138,3 
TURE 0,4429F+04 0,2313E+02 Q,1925F.+01 715.0 
196,7 
1 A0505U467 SHEl..L Q,Q602E+03 Q,5344E+Oj_ 0,7Q16E+OJ 
4,3 139,1 
TURE 0,4470E:+04 0,2322E+02 0,1905E+01 
71A,5 198,3 
1 A06050467 S~ELL. 0.2n73F+04 0,97i4E::+01 
0,6988F.+00 8.0 158,5 
TURE 0,4469F.+04 0,2322E+O~ 0,1905F+01 
718.4 t9A,3 
1 A07050467 SI-IELL 0,1(,35E+04 0,77821:+01 
0,7051F+OO 6.2 150,7 
TURE 0,4471E+04 0,2322E+O~ 0,1904E+01. 
7t~.6 198,3 
1 A08050467 SHF.LL o,1221F+03 
0,3873E+01 0,7023E+OrJ 3,1 1.37,4 
TURE 0,4480f+04 0,2325E+O? U,1900F+01 
719.4 198,7 
.. ~.r"' 
~ElT TRANSFER IN SPIRAL wouNn HEiT EX~~A~GERS 
-~;' 
DIMENSIONLESS GROUPS 
HE CASE SE CTI ON REVNOLDS ~o. NU S SI: L T \NO , PRANDLT NO. 
HT r, TM 
2 01123066 SHFLl. 0,7t97E+04 0,2450E+02 0,228tF.+01
 454,6 17.3.0 
TURF 0, Ji;96E+05 0,14~8E+O~ 0,24731:+01 4427.
7 162.5 
2 02123066 SMF.LL 0,7502E+04 0,2518E+O? 0,2
27i:;F+01 467.4 17 ,"3. 4 
TURE 0, 3,i07E+05 0,1459E+03 0.2465!;+01 4433.3 
163.0 
2 03123066 SMELL O, 6283F+04 0,2113E+Q? 0,2282E+01
 392.1 172,9 
TURF 0, 3r;80E+05 0,1455E+O~ 0,2485F+01 
4419.4 161,9 
2 04123066 SHELL 0,4227E+04 0,1473E+O? 
0,2297F+01 273.2 112.0 
TURE o, 3511E+o5 0,1446E+03 0,2'i42E+01 
4382.9 159,1 
2 05123066 SMFLL 0,5A17E+04 0,19o2E+02 
0,22B5F+01 364.1 172,7 
TURE 0, 3r;62F.+ 0 5 0,1453E+03 0,25001=+01 
4410,4 161,1 
2 06123066 SMELL 0, 4r;B6E+04 0,1562E+02 
0,2294E+01 ?89,7 112.2 
TUBE 0. 3r;24E+05 0,1448E+O~ 0,2531F.+01 
4390.3 159,6 
2 07123066 SMELL 0,5812E+04 0,1932E
+02 0,2287F+01 35B,5 172,6 
TUBE 0,3557F+05 0,1452E+O~ 0,2504F.+
01" 4408,(1 160,9 
2 08123066 SMELL 0,5o03E+04 0,16t;6E
+02 0,2?96F.+01 ~12.7 112.1 
TUBE 0,3523E+05 0,1447E+03 0,2532F+0
1 4389,5 159,5 
2 09123066 S~ELL 0,2592E+04 0,95
31E+01 0,2322F.+01 176,6 170,6 
TURE 0,3386E+05 0,142BE+O~ 0.2648t
=+01 4~13,4 154,5 
2 10123066 SMELL 0,3282E+04 o,
11,7E+02 0,2308E+01 214.5 171.4 
TURE 0,3443E+05 0,1436E+O~ 0,259
8F.+01 4345.4 156,7 
2 01060667 SMELL 0,1909E+04 0,1
583E+02 0,7786E+01 259,9 61,6 
TUBE 0, 1236E+05 0,9241E+02 0,67
03E+01 2,39.2 71,3 
2 02060667 SHELL 0, 1343E+04 0,1
160E+O~ 0,7t,7BE+01 190.A 62,6 
TURE 0, 1256E+05 0,9294E+02 
0,6r;76E+01 2559.r; 72.7 
2 03060667 SMELL 0,1759E+04 
0,1477E+02 0,7760F.+01 242.6 61,9
 
TURE 0, 1241E+05 0,9256E+02 
0,6676E+01 2544.5 71,6 
2 04060667 SMELL 0, 9j93E+03 0,87'43E
+01 o.u,ooi:;+01 143,Q 63,2 
TURE 0, 1274E+05 0,9::SJ7E+02 
0,6475F+01 2576,2 73,7 
2 05060667 SMELL 0,1569E+04 
0,1354E+O? 0,7736F.+01 222.4 62,1
 
TURE 0,1242E+05 0,9258E+02 
0,6662F.+01 2i;45,R 71.B 
!_,_ 
2 06060667 SMELL O,A757E+03 
0,79JOE+01 0,756BE+01 130.6 63,5 
; i 
TURE 0,1:,BJE+05 0.93o1E+02 





2 07060667 SMELL 0,1209E+04 
o.1054E+02 173.4 62.7 
·~J\ 
TURE 0,1;63E+05 0,9310E+O~ 
0,6539E+01 2565. 6 73,1 
2 01070767 SMELL 0,1A31E+04 
0,1521E+02 0,74B•F+01 250.8 64,2 
TUBE 0 ,-1056E+05 0,8082E+O?. 
0,656!.F.+D+ 2~26.4 72,B 
2 02070761 SMELL 0,1t96E+04 
0,1056E+02 0,7461E+01 174,3 64,4 
TUBE 0,1067E+05 0,8117E+02 




,. MEAT TRANSf'ER IN SPl~AL wOuNn HE•T exc~ANGFRS 
OtMENStONLESS r.ROUPS 
ME CASE SEC:TIO~ REYNOLOS NO, NUSSl:LT NO. PR.NOLT 
Nn. MTC Tt1 
2 03070767 SMELL 0.1f,02F+04 0,13tJ6E+O?. 
0,7551F.+01 ?.25. 0 63,7 
TURE o,1n50F.+05 0,806c;E+O? 0,6610F+01 
2?.1Q.6 72,3 
2 0•010161 SMELL D,1001E+04 0,9066E+01 
0,7414F+0t 149.7 64,9 
TURE 0,1077F+05 0,81'>2E+02 0,6444F+01 
2?50.4 74.1 
2 05070767 SMELL 0,1:590E+04 0,1220E+02 
0. 750~01 201.1 64,0 
TIJRE: D,1060E+05 0,8t02E+02 0,655 _+01 
2::>31.9 72,9 
2 ,010•2567 SMELL 0,6iA2E+04 0,10:l7E+02 
0,6989F+00 Fl • 4 158,4 
TUBE 0,1JA7E+05 0,5743E+O?. 0,1901F.+01 
1777.2 198,6 
2 A02042567 SMELL 0,5472E+04 0,9523E+01 
0,7020E+00 7.7 154,5 
TUBE 0,1J87E+05 0,5743E+02 0,1901E+01 
1777.3 198,6 
2 A030•2567 SMELL 0,2681E+04 
0,5478E+01. 0,7021E+00 4.3 137,8 
TURE 0,1J90E+05 0,5749E+O?. 0,1A97E+01 
1779.3 198,9 
2 AD•0•2561 SMELL 0,4899E+04 Q,8724E+01 
0,7049E+00 7.0 148,3 
TURE D,1J86E+05 0,5740E+02 
0,1904E+01 1776.1 198,4 
2 AO!S042567 SMELL 0,3591E+04 0,6721E+01 
0,7014F.+00 5.4 139,4 
TUAE 0,1199E+05 0,5114E+02 0,1904E+01 
1582.2 198,3 
2 A060,2567 SMELL 0,~386E+04 0,7969E+01 
0,704•E+00 6,4 147,1 
TURE 0,1i97E+05 0,5t10E+02 
0,190BF+01 1580.7 198,0 
2 A070•2567 SMELL o,22eee+o4 
0,458BE+Qj 0,7025E+00 3.6 136,7 
TUBE 0,1i98E+05 0,5112E+02 
0,1906E+01 1'381.6 198,2 
2 A0B0•2567 SMELL 0,3888E+04 
0,7036E+01 0,7021E+00 5.6 142,0 
TUAE 0,1i96E+05 0,5t08E+02 
0,1909F.+01 1580.3 197,9 
1-1 EAT TRAN c; F' E Fl l N SP l ~AL WO ll N n ME A T E )( c MA i~ G FR S 
n1MENStONLfSS GRnUPS 
HE CASE SECTf('lN HEYNOLJ1S 1~0 1 NUSSELT NC". PRANO
I.T N () • ~TC TM 
3 01011167 Sl-lF.L 1. 0,2R24!:-+04 0,4684E+O? 
(),2424F.+01 865.~ 165,1 
TlJAF o.1.~17F.+o5 0,8101E+O? O,JA84E+01 
2359.4 114,1 
3 02011167 SHF.LL O,Qt20E+03 0,2213E+07 l),2<>99F.+01
 41~. :3 1~9.7 
TlJAF 0,1150E-+05 0,75b3E+O? 0,4686F+01 
2161. 9 97,7 
3 03011167 SHFLL 0,?13~E+04 0,379:?E+O? 0
,2r;2tF+01 ~99.0 160,0 
TllRr 0,1~33F+05 0,795t,E+02 0 1 3q6tF+01 
2~12,5 112,3 
3 04011167 Sl-lELL 0,1513E+04 0,3o62E+02 
0,2707E+01 c;6o,9 152,1 
TURE 0,1?82E+05 o.7A48E+02 0,4141E+01 
2?71.3 108,3 
3 05011167 S,H;:LL 0,3:236E+n4 0,4962E+02 
0,2344F+01 919,1 169.3 
TIJRE 0,1.~?3E+05 0.6o37E+O? 0,3830F.+01 
2~4~.9 115,4 
3 06011167 SHF.LL o,1100E:+04 0,2r;69E+0
2 0,2A75F+01 46A.O 144,9 
TURE 0,1t74E+05 0,74ti2E+02 Q,437BE+01 2
153.8 103, 4 
3 07011167 SHELL o,3o02E:+04 Q,4591E+O? 
0,2367F+01 849,9 168,1 
TURE 0,1312E+05 0,7772E+02 0,3A56F+
01 2::>65.2 114,8 
3 08011167 SHELL 0,1792E+04 0,33271:
+02 0,2609F+01. 611. 4 156,2 
TURE o, t ::>fi6E+ 05 0,7706E+O? 0,405
2E+01 2234.A 110.2 
3 01011267 SHELL 0,6Q59E+04 0,8653E+O?. 
0.22231=+01 1608.5 176,4 
TURE 0,1.492E+05 0,8582E+02 0,3
822!;+01 2503,c; 115.6 
3 02011267 SHELL 0,4o16E+04 0,69
311:+02 0,2339E+01 1283,8 169.6 
TIJRF 0,1..486E+05 0,8572E+02 0
,3B37F+01 2499.4 115,3 
3 03011267 SHELL 0,7i;06F+04 0
,9443E+C2 0,2173E+01 1758,0 179,4 
TURE O,i497E+05 0,8592E+02 
0,3R.07F+01 2507 .3 116,Q 
3 05011267 SHELL 0,6662E+04 
0,8548E+02 0 • 218tq;:+01 1c;9o.9 178,6 
TURE 0,1488F.•05 0,8547E+02 
0,3802E+01 2494.4 116.1 
<2 
3 06011267 SHELL 0,5o26E+o4 o,71
20E+02 0,2249E+01 1~22,c; 174,8 
TURE 0,1484E+05 0,8538E+02 
0,3B15F:+01 2491.1 115,8 
3 A01050667 SHELL O,U,98E+04 0
,1799E+02 0,6977E+00 14,8 162,1 
TLJRE 0,2t63E+05 0,821JE+O~ 
0,1916E+01 2539,9 197,4 
3 A02050667 SHELL 0,7q26t+OJ 
0,7199E+01 0,7032F+00 5,8 144,5 
TURF 0,2188E+05 0,8256E:+O~ 
0,1A91F~01 2555,9 199,4 
3 A03050667 SHELL 0,1704E+04 
0,1J67E+02 a, 7 o 46F.+ o u 10,9 147,6 
TllRE 0.2i~4E+05 o.s1aoE+O:? 0,1936F+01 
2527,8 19'5. 9 
'', 
.;,: 
0,4066E+OJ 0,25~5E+01 0,7052f;+OJ 
1.1i 
3 A04050667 SI-IELL 
2.0 126,9 
, 
TURE 0,1q52E+05 0,7e22E+02 
0,2143E+01 2399,2 181,3 
3 A01050?67 SI-IELL 0,2102E+04 
0,1576E+O~ 0,70~9F.+00 12.6 148,2 
TURE 0,2t46E+05 0,810BE+O?. 
0,1922E+01 2'525,5 197,0 
3 A02050?67 Sl-lF.LL 0,9288E+03 
0,8509E+01 0,7013E+00 6,8 140,1 
TUBE 0,2t85f.+05 0,8281E+02 o
,191Re+o1 2'561,0 197,3 
,., ~1 
I: 
HEAT TRAN~rER IN SPIHAL WOUNn MEAT EXCHANGERS 
DIMENSIONLESS GR~UPS 
rlE c,se ser,r t 0~' REYNOLnS ~o. NUSSELT Nn. PHANDLT N'J • 
I-ITC TM 
3 A03050767 S14F.LL 0,1644E+04 0,13lAE+02 
0,7024E+Oa 10,6 142,6 
TURF 0,2t76E+05 0,8266E+O?. 0,1Q27E+01. 2c;55. i; 1Q6,6 
3 A04050?67 51-1EU 0,1291E+04 0, 1o"/8E+O? 0,7022F.+00 
8,6 142.1 
TIIRF 0,2t79E+05 0,8272E:+02 0,1924F+01 2557.~ 
196,8 
3 A05050767 SHELL 0,5o23E+03 0,5Qri6E+D1 0,7024F.+On 
4. 0 1~7.1 
T 11~F 0,2t85E+05 0,82ij1E+02 0,1Q18F+01 2s;61. 0 197,3 
3 A06050767 S~ELL 0,1o91E+04 0,9479E+01 0,702:5F.+00 
7 • c; 137,4 
TURF 0,21_78E+05 O,B269E+02 0,1Q25F.+01 2i:;56. 6 196,7 
3 A07050767 S~ELL 0,5910E+03 Q,5829E+01 0,7022F+00 
4.~ 137,6 
TURE 0,2t83E+05 0,827QE+02 0,1919E+Ot 2560.2 
197,2 
'' r: 
MEAT TRAN~FER IN SPIRAL WOUNn MEAT E X r, M AtJ '1 E R ~ 
DI~ENSIONLESS GROUPS 
HE CASE ser.i' I NI REYNOLns NO, NIJSSl:L l Nn. P~ANDLT Nn. 
~TC Tt-1 
4 02121466 SHELL 0,2J14F+04 0,58,.0c+O~ U,2320E+01 
10A2,4 17fl,7 
TURE 0,~199E+04 0 ,35t.?E+O:? 0,2464F+01 10A~
.7 1 t-3, 0 
4 03121466 S~ELL 0,3163E+04 0,6890E+O? 0,2?90F+01 
127A.~ 172,5 
TUBE 0,6160E+04 0 ,·353BE+ 0 2 0,2445F+01 1
07'5,4 1 f,4, 0 
4 04121466 SMELL 0,1924E+04 o.5o6t;E+o~ 0,232BF+0
1 Q3fl,5 170,2 
TUAE 0,6o97E+04 0,3;,5E+O?. 0,2474E+01 107
~.7 16,.5 
4 05121466 SMF.LL 0,2512E+04 0,5711E+02 0,229
7F.+01 1059,2 172,0 
TURE 0,6169E+04 0, 35'+0E:+Ot? 0,2441F.+01 
101ti.1 1~4.2 
4 07121466 SMELL D,2999E+04 0,6Q17E+02 0,2249F+01 
1117.7 174,9 
TUBE 0,4446E+04 0,2715E+02 0,2423F+01 
~2'5,Q 1 fl5, 2 
4 08121466 SMELL 0,2985E+Q4 0,5819E+02 0,2261F.+01
 1080.~ 174,2 
TURE 0,5J40E+04 0,3146E+02 0,2426F+01 
Q56,A 16,. a 
4 09121466 SMELL D,1387E+05 0,2t42E+03 
0,2316E+01. 3Q?1.4 170,9 
TUAE O,J,26E+05 0,1339E+O~ 0,2482F.+01 
4064,Q 162,0 
4 10121466 SMELL 0,7728E+04 0,1515E+03 
0,2372E+01 2803,8 167,8 
TURE 0,3{71E+05 0,1335E+03 o.2r;55e+Ot 
4046.3 158,5 
4 11121466 SMELL 0,1116E+05 0,1858E+OJ 
0,2317F.+01 3444,3 170,9 
TUBE 0,3;63E+05 0,1350E+03 0,2479E+01
 4100.0 162,2 
4 12121466 SMELL 0,9018E+04 0,162?E+0:5
 0,2350E+01 3013.7 169,0 
TUBE 0,3218E+05 0,1343E+03 0,251
8E+01 4075,s; H,O, 1 
4 13121466 SMELL 0,1i41E+D5 0,1926E+0
3 0,2314E+01 3570,6 171,0 
TUBE 0,3260E+05 0,1350E+03 0,24
81E+01 409A,4 162,1 
4 14121466 SMELL 0,1ij09E+05 0,1720E+03 0
,233!E+01 3187,7 169,9 
I TUAE 0,3241E+05 0,1347E+03 0,2498E+01 
4088,1 161,2 
I 
4 1!121466 SMELL 0,9t36E+04 0,1695E•0
3 0,2316~+01 3142,0 170,9 
TUBE 0,2041E+0!5 0,9303E+02 0,2483E
+01 2A2!5.2 162,0 
4 16121466 SMELL 0,9Q13E+04 0,1631E+03 
0,2351E+01 3020.9 169,0 
TUBE 0,2620E+05 0,1139E+0:5 o.2r
;1,e+o1 3455,9 160,3 
', 
4 17121466 SMELL 0,1248E+05 o.213oE+o
:5 0,2301E+01 3950,2 171,8 
TUAE 0,2326E+05 0,1033E+03 0,2496
F.+01 3134,4 161. 3 
4 18121466 SMELL 0,1269E+05 0
,2322E+OJ 0,2256E+01 4311,8 174,4 
TURE · 0, 1686!+05 0.1914E+02 0,244
5E+01 21405.9 164,0 
4 19121466 SMELL 0,1242E+05 
0,2092E+03 0,2312E+01 3877,7 171,2 
TUBE 0,2969E+o, 0.12~1E+03 0,24
7JE+01 3800,? 162,3 
4 20121466 SMELL 0,1241E•D' o.2o
90E+o3 0,2315E+01 3873.~ 170,9 
TUBE o.2,a2E+o5 0,1124E•03 0,250SF
.+0\ 341.0, 8 161,0 
4 A01050967 SMELL 0,37.666+04 0,226
9E:+02 Oe6977E+OO 1e.1 163,2 
TUBE 0,43,5E+04 0,22A7E+02 0.194DE+01
 706>-\ 195,6 
79 J 
1~8-tT T~A'~",.~---,,~ n~INAL lilOUNO M~AT ~~nµA1"~~~~ 
. lit MM NM tf H 1 ~ ~ ~ M M1M MU~ ~ . 
1HI UAIP 1 ABl,T 1tiN 11~v~1n1..1,1 ~,,. NIJ8Ml'1tJ N',, ~UAND1f N11, lo4 fr. 1"1 
' 
4 AUt'09UCJ~1 S~IP.L L 1.1 , ~ ~' 4 l' + II ~ 0 , 1 ~ ,4 M H + 0 ~I II , 1 II t :, ~ • 0 IJ 
1n.1 140,j 
T IIR~ o. :'""~~+n~ n,in11nk+n~ IJ ,10J14P.+01. 
A'4~, t, 1!1'5,1 
4 ~O~U!09!? SI-IP.I.L 0 , (J 4 1 ~ ~ + 0 ;, IJ , ~" ~ ~ ~ + 111 n,1n2111p+U
1
1 
4 , ft 1.1 ~ , ·a 
T lln E' n.~1t,8r+o~ 11, ~01i~k+O' _ tJ ', 1 q 2 ~ ,.a + U 1. 
lilP,~ 196,7 
4 A040~09~? S l~F l. l. n • 3 n , ·, 1, + o 4 o.1~
1NH+O? 11 , ? n 4 t; I=+ 0. 'I 12,Q 151,9 
T IJRF. _ l,,~,,~~+n4 o , ~ n ,H b. + o ~ 0,104?~ ... 01 '121.~ 
1 qr;. 4 
4 A050!50967 SI-IFl.1.. 0 I , , ? 7 F, + (} ,4 o.~o~'HJ+o1 I) I ' n 2 ~ Fl + 0 I) 
4 • ~ 136,6 
T t IHF. n,4,?6~+n4 U , ~ ? ,1 t, U + IJ ? 0,1Q17F+U1 MJ 4 , r., 
197,3 
4 A06050967 SMF.l.l 0,?.?14f*+04 0 I 1 l'J 1~ ~ ~ + 0? 
0,104AP+Oll 13,1 147,9 
~ 
TlJRF 0,4?!5~F+ll4 O,~?llOfall? IJ, 1Q30!=+01 i,9?. 4 
1Q6,3 
4 A07050967 SMF.Ll O,t~~3F+04 0,8?1~r.+01 
O,?n1AF+01 6 • t, 14~,Q 
TI IRF 0,4?721-+0~ 0 , 2 ? 1\li r. + I) ? () I 1 () 1 q ~ + 0 1, 
~Q4,? 1q7,? 
( 4 A08050967 SMF.L I. 0, 1.Q6:1~+ll4 Q t 11 I) 4 C ~· 0 '.) 
ll,7n21F+0~ 9.? 142.0 • 
TIIRF 0,4,!1F+ll4 0, 2?~')1::+0?· n ., 1 Q 2"' r- + U 1 
f.AQ.?. 196,7 
-
4 A09050967 SMFL.L 0,1Q91E+04 u I 11. IJ iJ C + n \? 
() t ? I) 2 Q f: + 0 I) Q • i; 143,7 -
= TURF 0,4?62~+04 0, ~?,
11?.~+0? 0,1Q2!H?+01 69~.~ 1Q6,B 
4 A100'.50967 S~F.LL O,JJ12f:+04 
0 , 19 ,\ 41:i + (l ? O,l>Q83F+00 15,A 159,1 
1.'6( 
TllRE 0,4?56f+04 0,2?.41.E+O~ 0,1Q28!=+01 
f,9'2.7 196,5 
.--, ... , 
.w: 
-,,. 
A11050967 n,1o7JE+o4 0,68ll6E+01 0,7023,:+00 





TURE o.~:,?7t•04 0,2?46E+O~ 0,1Q11P+O'l 
~9~.6 1Q7,4 a!-.~~ 
0,1'558r.+04 0,99J2E+OI U,7n16F+OIJ 7. 9 
140,7 
~ A120'.5096? SMF.Ll. 
-"I-
...... 
TI IRF. o,~:,62F.+04 0,2,4,!~+0~. 0,1Q2,r:+Ot 










-1 ~ ~. ~ . r· 
~"' .~i 




= , .. , . no 
HE4T ,,.~sFER IN SPIRAL WOUNO MEAT exc~ANAE~S 
Dl~ENSJONLESS GROUPS 
HE CjSE ser-11~.N ~EYNOLns NO, NIJSSl:L T NO. f'PANDLT Nfl. I-ITC TM 
r .4 02121466 SHEL.IL .0 ,2J14F+O't 0,58'+0f:+02 0,2320E+01 1082,4 
17(1,7 
;; 1~9f O,E,199E+04 0,35t7E+02 0,2464F+01 jOA3,7 1~3.0 
' 
03121466 SHELL 0,3163E+04 0,68~0E+02 0,2?90F+01 127~.~ 172,5 
TIU!,E 0,6160E+04 0,3538E+02 0,2445F+01 1075,4 1 t,4, 0 
' 
04121466 SMELL 0,1924E+04 o.5o65E+o~ 0,2328F+01 QJP.5 170,2 
1VBE 0,6o97E+04 o,Ji;,se:..02 0,2474F.+01 107~.7 16?,5 
' 
0,121466 SHELL o,2,12E•04 0,5711E+02 0,2297F.+01 1059,2 17t',O 
1UAE 0,6i69E+04 0,3540~+02 0,244lF.+01 107fl,1 1~4.2 
' 
07121466 SHELL C,2999E+04 0,601'7E+02 0,2249F+01 1117.7 174,9 
TU&E o,•446E+04 0,2715E+02 0,2423F+01 A2'5.9 165,2 
4 Ol1214t6 SMELL 0,2985E+04 0,5819E+02 0,2261F.+01 1080.5 174,2 
TUAE 0,5340E+04 0,3146E+02 0,2426F+01 Q56.A 16,,0 
4 09121466 SMELL 0,1387E+05 D,2142E+03 0,2316E+Ot 3Q71.4 170,9 
TUBE 0,3,26E+05 0,1339E.03 0,2482E+01 4064.Q 162,0 
' 
10121466 SMELL 0,7728E+04 0,1515E+0:5 0,2372E+01 2803,8 167,8 
TUAE O,:Si71E•05 0,1335E+03 0,2555E+01 4046.:5 158,5 
4 11121466 SMELL 0,1j16E+05 0,1858E+O~ 0,2317E+01 3444.3 170,9 
TUtiE 0,3,63E+05 0,1J50E•03 0,2479E+01 4100.0 162,2 
' 
12121466 SMELL 0,9i,S,8E•04 0,162'1E+0:5 0,2350E+01 3013.7 169,0 
TUBE 0,3218E+0!5 0,1343E+0:5 0,2518E+01 4 0 ?5. r:; 160,1 
4 11121466 SMeLL 0,1241E+05 0,1926E+03 0,2314E+01 3570.6 171,0 
TUBE 0,3260E•0!5 0,1350E+OJ 0,2481E+01 4098,4 162,1 
4 14121466 SMELL 0,1ij09E+05 0,1?20E•03 0,2333~+01 3187,7 169,9 
TUtiE 0,3241E•05 0,1347E•03 0,2498E+01 4088.1 161,2 
i 
' i 4 1,121466 SMEll 0,9t36E+04 0,1695E+03 0,2316£=+01 3142.0 1
70,9 
TUBE 0,2o47E+05 0,9303E+02 0,2483E+01 2e2~.2 162,0 
' 
16121466 SMELL 0,9013E+04 0,1631E+0!5 0,2351E+01 3020.Q 169,0 
TUIE 0,2620E•05 0,11396+03 0,251!5E+01 3455.9 160,J 
i 
I' 4 17121466 SMELL 0,1248E+05 0,2130E+0:5 0,2301E+01 3950,2 171.8 
TUBE 0,2326i+05 0,1033E+03 0,2496E+01 3134.4 161,3 
~· 
' 
11S21466 S~fLL o.1~69E~o, 0,2322E+03 0,2256E+01 4311. 8 174,4 
TU.IE · 0, 1686E•05 0,191~E+02 0,2445E+D1 2405.9 
164,0 
' 
19121466 SHELL 0,1242E•D' 0.20'i2E•03 0,2:512E+01 3877.7 171,2 
i TUBE 0,2969E•05 o.12,1E+03 0,247JE+01 3eoo.2 162,3 t 
[, 
., !; 4 2
1121466 SHELL 0,1241E+05 o.2o9oe:..o:, o,2315e+o1 :5873.6 170,9 
•i fUII o.2,a2e.os 0,1124E+03 0,250SF.+0\ 3410,8 161,0 
:J SMELL 0,37.66&•04 0,6971E+00 • Al1151967 0,2269E:+02 18,7 163
,2 
TUiE a.•s,,1.04 0,22A1E+02 0,194DS+01 706,6 195,6 
"9 I • 
' -. ,_,~ • ~.-~- .. -~,,._,._,.., '"''"" ...... ,, ... , .. '·""•11on;, '"'"'-·"'"'"',....,.,._...., , .. ,.,· ,.- ..... ,-
























~ E A T TR A t~ ~ F' E foi IN SPI~AL l.tlOUNn HEAT E)(r!HAi~GERS 
n1MENSJOMLE$S r,HnUPS 
SECTJOt-.i fiEn10Ll1S NO, NUSSl:L T NC, P~ANDLT Nn, 
SMFLL O,?J54E+04 O, 13:ieE+O:?. 0,7013F.+00 
TIJRE 0, 3Aii'iF.+04 0,20h0E::+02 , 0, 1Q3~F.+01 
S4ELL o,q47<JF+o:s u.5~.,2E+01 0,702 1H=+OIJ 
TIJRE o,~768F+04 o ,2o~i2E+O~ l), 1Q25F.+0t 
SI-IF.LL o,3o57t+04 0,15~9E+02 0,7045F+01 
TURF. 0,3752E+04 o ,2o,Ht:+O~ 0,1Q42F+01 
Sl.!Fl.l. 0,7?77F+03 0 , 5 O ~ 9 c + 0 1. 0,70?6F.+0'J 
TllRE 0,4,76E+04 0,2246E+02 0,1Q17F+01 
SI-IF.LL 0,2?,14E+04 0,16.S2E+O?. 0,7048F+OO 
TURF 0,4?52F+04 o.2240c+o2 0,1930!;+01 
SMELL 0,1~23E+04 0,8243E:+01 0,7nHiF.+0~ 
TURF 0,4?72~+04 0,224?E+02 0,1Q19F+01 
SlolELL 0,1963F+04 0,11~4E+O? o,1n21i;+On 
TIJRF 0,4?31E+04 0,22~9E+O::> 0,1Q25F+01 
S~ELL 0,1Q91E+04 0,11~2E:+02 0,7029E+0t) 
TLIRf 0,4?62E+04 0,2242c+O? 0,1925E+01 
SHELL 0,3J12E+04 0,19J4E+O::> 0,698JE+00 
TURE 0,4256E+04 0,2241E+02 0,1928F+01 
SHELL o.1073E+o4 Q1 6856E+01 o,7o2JF.+Oo 
TURE 0,4:,77E+04 0,2246E+02 0,1911!;+01. 
SHELL 0,1r;58E+04 0,99J2E+Ol 0,7016F.+00 









fl 27. ~ 1 Q? I 4 
4. n 136,6 
694,6 197,3 
13.1 147,9 





Q • i; 143,7 
69~.~ 1Q6,8 
15,A 159,1 
fi92, 7 196,5 




HEAT TR AN!;F'ER IN SPIRAL lrlOIJNf'l ~f:A T EXr,MA 1~t;F~~ 
DtHENS!ONLf~S ~HnU~S 
CASE SECTIO~ REVNOLOS NO, ~IJSSt-'L T l~O. P~ANOLT Nf) • µfr TM 
' 
01012167 SHF.LL 0,~734E+05 0,30l3f=+O~ 0,2~1~F+01 i;1>03.1 17h,9 
t' 
TIJRE 0,6061F+05 0,21921:+03 0,2414F+01 1,1,MJ,. 9 16?,6 
i/1 5 02012167 SMFLL 0,2661E+05 0,2748E+O~ 0,2?421=+01 
r;t04,f, 1 75, :i 
TlJRE 0,6002f+05 o,21t15E+n3 o,244n,=.01 61,41..7 11,4,?, 
5 04012167 SHF.LL 0,2:'.031:+05 0,21761:+03 0,2?59,::+01 4n41.4 174.3 
TURF. 0,5Q69E+05 0,2tdbE+O~ 0,245(,,::+01 6,,2~, q 16:5.4 
5 05012167 SMELL o.~275F+05 0,3Q42E+0:3 0,2?23F+01 r;f,54, ~ 176,4 
lURE o,,,n48F+05 0,21Y0l:+03 0,2419,::+0t ,.,,,~'2. q 1 f> "> • ;i 
5 01012367 SMFLL 0,1~08E+05 0,17U5E+O~ 0,2J05F+01 31.60
,7 171,6 
TURE 0,5A69E+05 0,2168E+O~ 0,2c;03F+01 6~7P,,Q 1'10.9 
5 02012367 SMELL 0,10:UE+05 0, 14~E+O~ o.2~42,;+01. ?,677.~ 
t69,i; 
TIJRF. o,r;1e2F.+os 0,2t!'nE+03 o.2c:;47F.+01 ,.,ry,H
,,I, 1 '5~. q 
5 0301236? SMFLL 0,4626E+04 0,8JH9c+O? 0,2392F.+01 1551,7 
166.8 
' 
TURE 0,5t,21F.+05 0,2t.S6E+03 0,26311=+01 ~4'5~.9 1~5.J ,-/' 
5 04012367 SMF.LL O,fl?70E+04 0,1010E+OJ 0,237ftE+01 
1869,4 1~7.7 
TUAE o.,1.,e4E+05 0,2144E+03 0,2r;97F.+01 64A7,9 1 S:,6. 7 
5 0501236? SMELL 0,1188E+05 0,1564E+03 0,2311E+0t 
2A99,?. 171. 2 
TIJRE O,,A44E+05 o.21h4c+OJ 0,251,F.+01 6'567,1 160.3 
5 06012367 SMELL 0,7i;07E+04 0,1t.S2E+03 0,236?F.+01 
2096,2 168,1 
TURF o,,;o6F.+05 0,2t47E+O~ 0,2585E+01 f,49A,7 1';7 .2 
5 07012367 SMELL 0,9164E+04 0,1311E:+03 U,2338E+01 
2428,0 169,7 
TIJRE o,,787E+05 0,2157E+03 0,2s;44F.+01 6s;39,0 15
9, 0 
5 0101266? SHF.LL 0,4765E+04 0,8QH8E+'02 0,2J24F.+01 149~.9 1
70.4 
TueF. 0,2024E+05 0,9255E+O? 0,2506E+01 2AOA,1, 160,8 
5 02012667 SMELL 0,2489F.+04 0,5J73E+O? 0,2380,:+01 
994,2 1. 6 7 I 4 
TUAE 0,1Q65E+05 0,91C>1t+O? 0,2592F.+01 277';,4 1'57,0 
5 03012667 SMELL 0,3t,62E+04 0,66U7E+02 0,23,2E+01 
122:5.i; t68,9 
TURF. 0,1998E•05 0,9213E+D2 o,2s;44F.+Ot 
279'2,7 159,0 
'.,~ 




TIJRE 0,2o22E+05 0,92~1E+O? 0,2r;09J:+01 2A07.
~ 1fi0,6 
5 05012667 SMELL 0,2o54E+04 o,4653E+02 0,2:597E+01 
A60,,; 1()6,5 
TIJRE · 0, 1934E• 05 0,9109E+02 0,2641F.+01 2752.4 
1 r.;4, 9 
" ; 06012667 SMELL 0,4284E+04 0,7322E+02 0,2331F.+01. 1
356.J 169,7 
TURE 0,2n04E+05 0,9222E+O? 0,253'5F+0t 2796. ,l 
1 ,;9, 4 
.I 
,, 5 07012661 SMELL 0,1450E+04 u,38dOE+02 0,2423E+Dt 
717,1. 165,2 
TUAE 0,1A90E+o, 0,9039E+O? 0,2710F.+0~ 212,.n 
151,9 
•) 
o. ;51.21e.04 0,5?J5E+Ot> 5 08012667 SMELL 0,2:56lF.+01 1.061
. 7 tfiij,4 
TURF. 0,1978E•05 0,91811::+02 0,25?3F+01 2780,4 
151,a· 
81 / 
HEAT TRAN~F'ER IN SPIRAL ~OUNn MEAT EXCMANGEHS 
ri~ENSlONLESS ~Rnups 
ME CASE SECT l ()~I REYNOLl1S ,~O, NIJSSt:L T Nri, Pf~ANDL.T NO. 
1-1 Tr, TM 
if' 5 09012667 S




r TIIRF 0,1e>19E+l'l5 ll,90ti7E+O? 0,2663E+01 2743,i; 1
c;3.9 
5 01070Fl67 SHFLL o.1t,23E+03 0,4443E+O:? 0,7A72F+01 
72P,3 60,9 
TtJRE 0,2A04~+04 0,20,?E+O::> 0,6920F.+01. 782,2 
69,2 
5 02U70A67 5Hf;LL n,7c;QJE:+n3 0,39,71:+0? 0,7753F+01 f,49,A 6t
.9 
TURF. O,:?A07E+04 0,2A49E+O? 0,6R51E+01 780.7 
69,8 
; 03070867 SHF.ll 0,5197f:+O:S 0,3120E+02 0,7571F+01 51
3,8 63,5 
T lJRf: 0.2797E+04 0,2822E+02 0.6744F:+0t 774,9 
70,9 
5 04070867 SHFLL 0.8A35F.+03 0,4t97E+02 U,7A40F.+01 6
88, 4 61,2 
TIJRE 0,2721E+04 0,2?1i8E+02 0,6911F.+01 763,3 
69,3 
5 05070867 SHELL o.4?.50E+OJ 0,2690t-:+O?. 0,7491F+01 
443.5 64,2 
TIJRF 0,2AA1F+04 0,2A!31.c+O? 0,6690F.+01 791. R 
71. 5 
5 06070867 SHELL 0.6r;7i;E+n3 o.35d4E+O? 0,7700E+01 
li89,1. 62,4 
TllRF 0.2742E+04 0,2791E+02 0,6822F.+01 765,2 70
.1 
5 07070867 SI-IELL 0,9082E-+03 U,4212E+02 0,7A69F.+0l 
690,6 60,9 
TtJRE 0.2760E+04 o.2B23E+0~ 0,692AE+01 772.6 
69,1 
5 08070867 S~ELL 0,5918E+03 o.33~6E+02 0~7646E+01 
552.1 62,8 
TURE 0,2j90E+04 0,2825£:+02 0,6792F.+01 774.9 70,4 
5 A01050867 SHF.LL 0,2t,29E+04 o.16'53E+O?. 0,6976E+00 
13,4 160,0 
TURF 0,5o92E+04 0,2586E+02 0,1925E+01 799.5 
196,7 
'· 
5 A02050B67 SI-IELL 0,5~20E+03 0,55l1E+01 0,702'7F+00 
4.4 143.2 
TllRE 0,5t13E+04 o.2591E+O?. 0,1916F+01 801.3 
197,4 
I 
5 A03050867 SHELL o.1,e3E+04 0.1182E+02 0,7023F+00 
9,6 1 c;4. 2 
TIJRE 0,5t01F.+04 0,2588E+02 0,1922F+01 R00.2 
197,0 
5 A04050867 SHELL 0,1888E+04 0,1219E+O? 0,6990F.+00 
1 0 , 0 158,2 
TURE 0,5o91E+04 0,2586E+02 0.1926F+01 799.4 1
96,6 
5 A05050867 SMELL. 0,2oOOE+04 0,1271E+O~ 0,6977E+00 
10. 4 161.0 
TIIRE o.5oa6E+04 0,25135E+02 0,192BE+01 798.Q 196,5 




TIIRE o.i;o76E+04 0,25t32E+02 0,1932F+01 79~.1 196,2 
5 A07050867 SI-IF.LL 0.7~07E+OJ 0.6290E+01 0,7017F.+00 
5,0 138,9 
llJRE n,5045E+04 0.2575E+02 0,1941E+01 795,4 195.1 
5 A08050867 "SHELL o.~~40E+03 o,3729E+01 0,7045F.+Ou 2.9
 131.9 
Tl.IRE 0,4Q64E+04 0,25,6E+02 0,1983E+01 78A.r; 192.3 
:h 
5 A09050867 S~ELL 0,9A13E+03 0,7717E+Ot 0,7053F.+00 6,0
 129,9 
l TURE 0,4819E+04 0,2522E+02 0,2052F.+01 
776.0 187.4 
5 A10050867 SMF.LL 0,1,22E+04 0,91261:+01 0,7044r;+OO 7,2 132,2 
TURF 0,4?62E+04 0,250AE+02 0,2080F+01 771,0 185,5 -
82 
'1 
MEAT TRAN~rER IN SPlPAL WOUNT'I MEAT E~r.MAi•1t1J:~t:: 
n 1 MENS t O~·Lf ';S nRnups 
HE CASE ser:rtC1N flEVMOl.lJS NO, ~IISS~:L T ~r,. P~ A~IOL T ~I)• ~Tr 
H 
' 'I 
6 01031867 SHFLL O,'i745E+fJ~ 0,1,"ei::+O? 0,2?1~F+Ot 
1417,Q 1 7 , • n 
TURF 0 , J 1, 5.9 F + 0 5 0,14?'.'H:+O~ 0,23~~F+Ot 
4 4 2'1, A 1~8.0 
'1 
I 6 02031867 SMF.LL 0,41J8E+04 0,58ri9E+O? 0,2?HF+Ot 
1. 11 g 4. 2 pi;. 4 
TlJRE O,J,i31E+n5 o,1449~.o~ o.2~9ni:+ot 44U. 6 
tfi'),Q 
6 03031867 SHELL o,s;o17F+o4 U ,66,HH:+Ot> 0,2223F+01 
1? .34. n t16,4 
TUBE 0,3650E+05 0,14,21::+o~ O, 2~7'5F+ 01. 4421,7
 167,7 
6 05031!67 SHELL 0,5s;16E+0'4 o,74L19E+02 0,225Si:;+01 
1~1r;,Q 174,s; 
TUBE 0,3440E+05 0,14u~E+03 0,2468E+01 4'.'71. 0 162,8
 
6 0603186? SMELL 0,7o88E+Q4 0,8Bl.9E+O~ 0,2232J;+01 1~.59
,0 175,9 
TUBE 0,34~8E+05 0,14t16E+O~ 0,2470F.+0t 4?69,7
 162,7 
6 01032067 SMJLL 0,4993E+04 0,65?4E+02 0,2273E+O'L 
1216,6 173,? 
TUBE 0,3c;05E+05 0,1429E+03 0,247QE+01 4~41,'i 162,2 
6 02032067 SMELL 0,2492E+04 0,3547E+02 0,2360E+01 
656.7 168,5 
TUBE 0,32BOE+05 0,1J81E+O~ 0,2597E+01 4179,2 
156,8 
6 03032067 SMELL 0,3651E+04 0,4755E+02 0,2307
E+01 881. 6 171,4 
TUBE D,JJ75E+05 0,13~5E+03 0,2514E+01 4231. 6 16
0,3 
6 04032067 SMELL 0.2866E•04 o,Js51E+02 0,2339E+01 
713.3 169,6 
TUBE 0,3316E•05 0,1386E+03 0,2565E+01 
4199,1 158,1 
6 05032067 SMELL 0,2i25E+0'4 0,3Q05E+02 0,2382E+01 
556, 0 167,3 
TURE 0,:5{80E+05 0,1J'iBE+03 0,2648E+01 4101.2 154,6 
6 06032067 SMELL 0,4Q23E+04 0,51d8E+02 0,2296E+01 
962,3 172,1 
TUBE 0,3JB8E+05 0,1J97E+03 o,250!e+o1 4
238,9 160,9 
6 07032061 SMELL D,6257E+04 0,7732E+U2 0,2241F+01 
1436,6 175,3 
TUAE 0,3433E+05 0,1403E+03 0,2466E+01 4262
,7 162,9 
6 0!032Q61 SHELL 0,4653E+o4 0,61J41:+02 0,227BE+01 1138
,3 173,2 
TURE 0,3411E+o5 0,1400E+03 0,2485E+01 425
0.8 161,9 
i 
09032067 0,1732E+04 0,27lOE+02 0,2401E+01 




TUAE 0,3i31E+05 0,1J51E+O:S 0,2695E+01 
















6 11032067 S~ELL 0,539JE+04 0,2256E+
01 1?6~.3 174,4 
•ti 
TUAE ·0,3425E+05 0,14U2E+03 0,2472F.+01 42
5B,7 162,5 
\ ~' 6 ,010,0167 SMELL 0,327lE+04 0,1690E+02 0,69Bne
+OO 14,1 173,4 
,, 
TURE 0,1i26E+05 0,4Bb2E+02 0,1904E+01 
1':i04,3 19B,3 
i 6 A02050167 SHELL 
0,1B93E+04 0,10l1E+02 0,7003E+00 8,7
 156,6 
TlJRE 0,1t23E+05 0,48~7E+02 Q, 1909E+01, 
1502,c; 198,0 
6 A03050167 SHELL 0,3o94E+04 o,151oe ... 02 0,69BD
E+00 13,1 172,9 
TURE 0,1i27E+05 0,48~5E+O?, 0,1901E+01 1
r;o5.4 198,6 
83} 
·- -·· ~- ..... ,.," •,• 
I 
· HE.AT ¥~AN~,~~ fN §,IN~~~@~~~ ~~If ~,~H·~~,#~ 
"fM~N§fl~L~~§ ~~R~f§ . 
• I 
{1 





5 09012667 Sl-!F.Ll n ,it,c.,4~+1)4 u t .r, 01,~.rot 1i~ ,'i~f/1~-t@ ~ 
n.a~ ;,o 1.66,5 
< 
,.~ 
TURF O.tiji~E•~5 ll 'ii(itff~t@~ ri ,~1;t;,l~t@ ~ 274.3,? 1?3,9 
·' 5 01070867 SHELL O,U,23E+03 o, 444,H~.tfi~ 
1,=tR7'1-f..t@ ~ 72f, 3 . 
·{ 
60,9 
rr r11RX) o,2Aa4F+o4 o, ~'(J91~t6f ry ,'1ft~~F-t~ t 782,2 69,2 
f 
r 5 02U70~67 
s~eLL n.1~q3~+ni n,jq51E!&9 l~ , 7 7 '? lF- t ~ i .649. 8 61,9 
TURF O,?.Rb7~+64 6 ,i"49~.t0
1 P fy l~~"?l,:t~i 780.7 69,8 
r:. 
F 
\': 03 .. 070867 o,5191F:+o3 o,3i~6Ef09 ) 5 SHF.Ll 
(~, ifl7f.f.f(H 513. 8 63,5 
TURF 0,2791E+b4 u.~o~~E.to~ {i ,fd.4F.t0 t 774.9 70,9 
·-
5 04070867 SHFLL O,BA39F.+nj !J • 4it1'°7E-t6~ o,7~•nF.tOt 
t,86,4 61,2 
TIJRE o,212iE+04 o • ~7R~E.ta~ f4 , ~t:t i tF. t ,a 
76:5.3 69,3 
5 05070067 SHELL 0,4?.50F+03 6,~690~tfi~ 
11, 7MHEt01 443.5 64,2 
TIJR~ n,2AAiF+04 u, ifH~{~.tfO 0,6n9nF.tfH 
791. A 71,5 
5 06070867 SHF.LL o. 6c;1c;r:+ n j n,j~B4Etij~ /l, 77ij~Et01
. i;r,9,1. 62,4 
T llRE= 0,2742t+04 u • ~7~lttfl"~ a,6Ri2F.t0l 
765.2 70.1 
5 07070867 SI-IELL 0,90A2F:+03 !J • ~~i~E*O~ 
~,7R69ft01. 690,6 60,9 
TIJRE 0.2?60E+04 o.~e~~E.tO~ 11,6928Et01 
772.6 69,1 1';-·»-
5 08070867 S~ELL 0,5q18E+o3 fi 13j9~E*fi~ Q,764f>E
+01 552.1 62,8 
TURE o,2190F+o4 o 1 ~A~ij~tfi? n,~19iF..,_01 
774.9 70,4 
5 A01050867 S~FLL o ,2F,29E+o4 u.i~J!E*O~ fJ
,697fJEtD0 13,4 160,0 
TURF o,5n92E+o4 01i~Aee*O~ ij,p,25Et01 
799.s; 196,7 
5 A02050867 SHF.LL o.5~20~+0.! o,9§aEtftl Q,7
021F.+00 4.4 143,2 
.. 
TllRE o,,ti3F+o4 0,2§91:~tO~ 0,t'1t'2FtDt 80
1.3 197.4 
5 A03050867 SHELL 0,17E\3~+64 o, HB~EtO~ 
IJ,7023f;+00 9,6 154,2 
TtJRE 0,9tOiF+04 o a 2§~~Etl1~ P,VJ22Ft01 
A00.2 197.0 
5 A04050867 SHELi.. o.1Aeee+o4 o,i
~iijl;tU~ g,t,99PF.t00 10, 0 158,2 
TURf. n,Sn9i.e:+n~ o,~§ABE*O~ O,i9~6F+01 799.4 
196,6 
--~~It/_.,, 
5 A05050867 SMELL 0,2nOOE+04 o,i~li~*g~ 
0.,~971t:+OQ 10,4 161,0 
TIIRE 0,50B6E+04 o e~e§Etgp 0, p~~8F-+ 0 i 798,Q 196,5 I -
f 
--~' .... , .. ,..:... 
i...,~ 
5 A06050867 SI-IF.LL 0,140BE+04 u, ij@Jletrn 0,7P~9F.+0
0 7,9 150,9 
t J.111, 
TURF: o,r;o16E+o• Oa~§e~e,O~ Q,1932F.t01 79A,1 196,2 
.-"~·, ..... ,.,._ 5 A0705086? SMELL. o.1~o1E+OJ · o,e~ij@i;*gi ~t7At7f-
+OO 5,0 138,9 





5 A08050867 SHELL o.~A..OEiOI! u,~;eije*O\ O,?~~'F-tPO 2,9 131,9 
11 . 
~! '5ll• ;'. 
TURE o.4qt,~E•fl• 0, i§9~E-*0~ . Y,lQ@~F-tP1 788,r;
 19?,3 
., 5 A09050867 SHELL o,~Ai~E*U~ ~,111le*n~ g,7g§~~1-Pll 6.0 
129,9 
. TURE · o,4ei~e,~~. o,e§eie*o~ g,~g§~F-tQt 776,0 187-, 4, ·(. .t ' 
' •!l:1,1,.,. 
• 5 A10050867 SMF.LL 0,1,~U:*~~ H,ii~~e*Ol g,7g~~f
-tQP 7,2 132,2 
I. r·. 






HEAT TRAN!=:F'ER IN SPlPAL WOUN~ MEAT EXr,HANGFR~ 
OIMENSJO~LESS ~R"UPS 
HE C•SE SEl.':TI (1N REYNOLDS NO, MISStL T !\JO. PAANOLT NI), HlC TI~ 
! 
6. 01031867 SHf:LL 0,5745E+04 o,1,~ec+o2 0,2213F.+0t 141?,Q 177,0 
TURF 0,3t,59F.+05 0,14i;3E+O~ 0,2369E+01 4425,A 168.0 
6 020:51867 SMF.LL 0,4136E+04 0,5Bii9E+O? Q,2241J;+Ot 1.094,2 175,4 
TURE 0,3~:51E+05 0,1449E+O~ 0,239nF+01 441L6 166
,Q 
6 0:5031867 SHELL 0,5Q17F+04 0,6638E+02 0,2223E+01 1234,0 176,4 
TUBE 0,3650E+05 0,14,21:+03 0,237~E=+01 4421. 7 167
,7 
6 05031867 SMELL 0,5i;16E+04 0,74~9E+02 0,225?E+01 1~7,,9 
174,5 
TUBE 0,3440E+05 0,14u6E+03 0,2468E+01 4?71. 0 162,8
 
6 06031867 SMELL 0,7o88E+04 0,88.l.9E+O? 0,22321;+01 1~39,0 
175,9 
TUBE 0,34~8E+05 0,1406E+03 0,2470F.+0t 4?69
,7 162,7 
0 
01032067 0,65i;4E+02 6 SMELL 0,4993E+04 0,2273E+Ot 1216
,6 173,5 
TUBE 0,3r;05E+05 0,1429E+03 0,2479E+01 4~41.~ 
162,2 
6 02032061 SMELL 0,2492E+04 0,3547E+02 0,2360E+01 
656.7 168,5 
TURE 0 1 J2BOE+05 0,1381E+O~ 0,2597E+01 41
79,2 156,8 
6 03032061 SMELL 0,3651E+04 0,'1755E+02 0,2307E+01 
881. 6 171.4 
TUBE O,l375E+05 0,131J5E+0:5 0,251 .. E+Ol 4231.6 160,3
 
6 04032067 SMELL 0,2A66E•04 0,3B51E+02 0,2339E+01 
713,3 169,6 
TUBE O,JJ16E•05 0,1386E+O~ 0,2565F.+01 
4199,1 158,1 
6 05032067 SMELL 0,2i25E+O~ 0,3Q05E+02 0,2382E+01 55
6.0 167,3 
\. TURE 0,3tBOE+05 0,1J'i8E+03 0,26'18E+01 
4101. 2 154,6 
6 06032067 SMELL 0,4o2JE+04 0,5td8E+02 0,2296E+01
 962,3 112.1 
TUBE 0,33B8E+05 0,1397E+O~ 0,2503E+01 
4238,Q 160,9 
6 07032061 SMELL 0, 6257E+04 ' 0, 77 32E+O 2 0,2241F+01
 1436.6 175,3 
TllRE 0,3433E+05 0,1403E+03 0,2466E+01 
4262.7 162,9 
6 0803206'1 SHELL 0,4653E+04 Q,61J4E+02 0,227BE+Ot 
1138,3 173,2 
TUBE 0,3411E+05 0,1400E+03 0,2485E+01 4250
.8 161. 9 
6 09032067 SMELL 0,1?32E+04 0,2710E+02 0,2
401r;+Ot 1501.2 166 I 3 '.., 
TUBE 0,3i31E+05 0,1351E+03 0,2695E+01 
4073,2 152,6 
6 10032067 SHELL 0,:5t36E+04 0,436tE+02 0,2
328F+01 ROA.O 170.2 
TIJRE 0,3348~+05 0,13~1E+03 0,2;37E+01 
4217.1 159. 3 
., 
6 11~32067 SMELL 0,5J93E+04 0,6787E+02 0,225
6E+01 1?60,3 174,4 
TURE 0,3425E+05 0,14U2E+03 0,2472F.+01 42
5B.7 162,5 
....___,,-----........_', 
6 A01050167 SHELL 0,321:si::+04 O,l690E+02 
0,69Bni;+OO 14.1 173,4 
TURE 0,1i26E+05 0,48b2E+02 0,1904E+01 
1c;04.3 198,3 
6 A02050167 SHELL 0,1A93E+04 0,1o'l1E+02 0,7003
E+00 e, I 7 156,6 
TlJRE 0,1t23E+05 0,48,?E+O:? 0,1909E+01, 
1502.c; 198,0 
6 A03050167 SHELL 0,:5o94E•04 0,1570E+02 0,6980
E+OtJ 13.1 172,9 
TURE 0,1i27E+05 0,48~5E+O? 0,1901E+01 
1c;o5.4 198,6 
83) 
j,.jEAT TRANSF'ER IN 'SPIRAL WOtJNn HEAT exc~A~GFRS 
,, DIMENSIONLESS nRnUPS 
ME CASE SECTION ~EVNOLl"lS NO, NUSSt:LT NO, P~ANDLT NO, MTC 
TM 
6 A04050167 S4F.LL 0,2c:;34~+04 o,13;4E+02 0,6978E+Oa 11. 2 
165,9 
TIJRE O,tt27E+05 0,48o4E+02 0,1902F+01 1,05.0 198,5 
6 A05050167 SHFLL 0,142H:+04 0. 8B'.i5E+01. 0,7044F.+00 7,1 
147,0 
TURF O,t124F.+05 0,48/2E+O? 0,1925F.+01 1'>06.3 196,7 
6 A06050167 SHELL o,:3o?.OE+o4 0,14i.>4E+O?. 11,6977E+OIJ 12 I 0 
161. 4 
TURF 0,1i31f+05 0,4A~6E:+02 0,1Q11F+01 1511.5 197,B 
6 A07050167 S~FLL 0,3420E+04 0,1620E+O? 0,6979!=+00 13,4 
169,9 
TUR~ 0,1133E+05 0,4Bd9E+02 0,1909F+01 1512,5 198.0 
6 A08050167 5~FLL o,2714F.+04 0,12~5E+o:, 0,6978F.+00 10 I 7 
164,4 
TUR~ 0,1t35E+05 0,4BQ~E+O::> 0,1904E+01 1514,0 198,3 
6 A01050267 S~FLL 0,4Q56F-+0.3 0,3259E+01 0,7052E+00 2 Ir; 126,1 ' 
f!JRE 0,9t,i;OE+04 0,4506E+O?. 0,2229E+01 1378,3 176,1 
6 A02050267 SHFLL 0, 1108E+04 0,79lOE+01 0,7024F+00 6,3 
137,0 
T IJRE O,tn38E+05 Q,45-JtE+02 0,1954F+01 1417,8 194,5 
6 A03050267 S~ELL 0,5c;68F.+03 0 ,3r;1'8E+01 0,7038F+00 2.A 
133,5 





*~UATIONS USED IN CALCULATIONS 
I. Overall Coefficient Calculation 
A. Measured Data 
1. Shell Side Fluid - Water 
2. Tube Side Fluid - Water 
3. Fs, Ps, f\Ps, Ts1, (TsrTsl), (TsrTu), (Tsl-Tt2) 
I 
4. Ft1/t1>~pt 
Ts2 + T51 
B. ';s 111 2 
C. All fluid properties were evaluated at Tm• 
% HBE = *100 
ln (T82-TtJ.) 
( Tsl-Tt2) 





II. Dimensionless Groups 
A. All fiuid properties were evaluated at Tm. 
B. Tube side dimensionless groups and heat transfer coefficient 
1 
C. Shell side heat transfer coefficient 
D. Shell side dimensionless groups 
Pr = ( CJ>ms U ms 
s km ) 
s 
N = 0.3 cooling 
N = o.4 heating 
Nt = Number of traverse rows. 
N = 0.43 + 1.13/AP 
III. SUpporting Fquations 
A. Multilinear Regression Analysis - This calculation was performed 
using a standard GE225 program supplied by the Lehigh University 
Computing Center. 
B. Calculation of air orifice coefficient 
1. Measured data. 
Shell fluid - water 
Shell fluid - air 
T 
s 
2. A Friction Factor (f1) - Reynolds Number curve was 
' 
calculated with the water data. 
~-
3. For each air data point 
a. A value of c0 was assumed. 
b. f1 and Res were calculated and compared to the Friction 
Factor - Reynolds Number curve ·prepared from the water 
data. If the comparison was reasonable, the value of 
CD was considered correct, otherwise a new value of 





















~ 4 ~ - WATER- so·F 
(!) 
A - WATER -19o•F 
2 
0 ...... -...---+--+--....... -1----+-...---i---l---+--4 
100 
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